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ABSTRACT 


In the initial phase of this study, factors influencing the 
stability of charged liquid particle (colloid) beams produced by elec- 
trohydrodynamically spraying sodium iodide doped glycerol fluid from 
a single capillary tube were studied. Included were investigations 
into capillary materials and size, source geometries, and an extensive 
investigation of the resistivity properties of the fluid. In addition 
to using a segmented surface electrical beam detector for beam detec- 
tion, two new types of visually reacting beam detector (a phosphor 
screen and a liquid crystal screen) were developed to ailow analysis 
of beam spatial distributions. Detailed parametric analyses of the 
charge to mass ratios of particles in the beams, and the spatial dis- 
tributions of the beams, were made for a wide variety of source geo- 
metries and operating conditions. The second phase of this study in- 
volved design of a colloid source for installation in the 300 kV micro- 
particle accelerator facility at the Electrical Engineering Department, 
University of Alberta. The accelerator was modified to accommodate the 
colloid beam experiments. After the source had been successfully 
operated in the accelerator, experiments on accelerated colloid beams 
were started. The main topics investigated were particle source-to- 
detector transit times, beam envelope shapes, and the optical proper- 


ties of the microparticle accelerator. 
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CHAPTER 1 


INTRODUCTION 


1.1 Microparticles: Definitions and Occurrences 


The term 'microparticle' as applied to the work described in this 
thesis refers to a particle of matter, either in the solid or liquid 
state, whose size is of the order of microns (one m) or less. A 
typical aluminum microparticle, for example, might have a radius of 
one micron, a mass of 1.2 x LOmAe ke, and) contains2.4) x TOs atoms. 

In general the term 'colloid' refers to a suspension of material in a: 
fluid, or discrete microparticles suspended in a medium. Examples of 
colloids might be a solution of starch in water, or by the second 
definition, liquid droplets in fog, solid particles in smoke, or 
bubbles in foam. Since the present work concerns the production and 
investigation of liquid microparticles in a vacuum, the terms 'colloid' 
and ‘colloidal particle’ will be taken to refer exclusively to indivi- 
dual liquid droplets. Thus, a source of small liquid droplets is 
referred to as a colloid source. 

In a laboratory, the production, manipulation, acceleration, and 
investigation of microparticles is most easily carried out by charging 
them and then subjecting them to controlled electric fields. Use of 
magnetic forces is impractical because of the high magnetic field 
intensities required to exert significant forces on these charged 
particles. For example, a microparticle having a typical charge to 
mass ratio of 100 coul/kg and a typical velocity of 10° m/sec requires 


apie lde oteLoo0 ahh to bend it on a path of 0.1 m radius. However, 
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commercially available electromagnets with a pole face of 0.1 m dia- 
meter can generate magnetic fields of only 2 or 3 bee 

The creation processes of naturally occurring microparticles in- 
volve the fracturing, erosion, or dispersion of matter. Due to the 
attendant rubbing and friction, particles thus created can often carry 
an electric charge. Additional charge can be deposited on these micro- 
particles as they experience fluid friction in the air. The total 
charge, as well as the minute size of the nidtonarticléas aids them in 
diffusing through the air and hinders particle agglomeration and set- 
tling. 

Some occurrences of solid microparticles include coal dust in 
mines, dust created in grain handling, dust in smoke, and dust from 
volcanic eruptions. Clouds of micron sized particles, or micrometeor- 
oids, are known to exist in space. As aschas” reports micrometeoroid 
flux rates of about 300 paneie teaiime sec for particles with masses 


between pene and 10714 k 


g. Liquid microparticles can be found in 
ocean spray, in the air spaces of oil tankers, in clouds and fog, and 


in the spraying of liquids to form aerosols. 


ee Applications and Uses of Microparticles 


Lee Space Sciences 


Information on the sizes, fluxes and composition of micrometeor- 
oids provides insights into cosmic processes. In addition, designers 
of spacecraft must know the effects of the continual bombardment of 
spacecraft by micrometeoroids in order to prevent equipment damage 
and failure. Spacecraft components affected by micrometeoroid bom- 


bardment include optical surfaces, solar cell arrays and heat 
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exchangers. Unfortunately, experiments to investigate extra- 
terrestrial microparticles are expensive, time-consuming, and difficult 
to perform. 

Interest in the laboratory simulation of micrometeoroids has in- 
stigated much of the work on solid microparticles. Several schemes 
for charging; accelerating, and detecting the microparticles have been 
needaaniaee Experiments performed have included investigations of 
microparticle-surface impact phenomenags studies of electrical break- 
down across a gap initiated by the impact of microparticles on one of 
the gap piecercdes(s and space probe detector design and calibration 
foergenven: reviews some of this work). 

Colloidal particles do not physically resemble micrometeoroids. 
However, they show much promise as laboratory aids to the study of 
solid microparticles. For instance, the properties of a microparticle 
accelerator, such as the limits on the energy and momentum of the in- 
coming particles, the energy and momentum of the output particles, 
focussing, and acceleration can be readily measured using a continuous 
stable beam of colloids with a narrow distribution of charge to mass 
ratio. Such a beam is relatively more easily generated than a beam of 
solid Mie rccer eter es: and its parameters are more easily varied. Once 
the properties of the accelerator are known, the simulation of micro- 
meteoroids using solid microparticles can be undertaken, using a low 
intensity beam. 

A second application of microparticles is in rocket engines, or 
thrusters. Mission analyses for space flights have shown that electric 
rocket engines are potentially the most suitable type for certain 


miusions D2 An important class of electric propulsion rocket utilizes 
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microparticles which are charged, accelerated, and expelled at high 
velocity. Efforts to construct efficient practical solid micro- 
particle thrusters have not been successful. On the other hand, 
liquid colloid thrusters have been developed to the point where they 
are ready for in-flight testing’. Potential applications of colloid 
thrusters include attitude control and stationkeeping, where easily 
controllable thrusters with a long lifetime are required. Colloid 
thrusters are also suitable for interplanetary missions, if rockets 


with sufficient thrust can be developed. 


A PAP? Non-Impact Printing 


The need for fast, quiet printers compatible with computers has 
led to much research into the electrohydrodynamic spraying of ink jets 
onto paper oneneeinerie presents a comprehensive review paper). 
Either arrays of capillary tubes are controlled, or a single ink jet 
is deflected electrostatically to form the printed characters. In all 
cases, problems such as beam spatial characteristics, beam stability, 
fluid characteristics and operating parameters are the same as those 
associated with colloid sources in other applications. Little interest 


has been shown to date in solid microparticles in this application. 


eles | Microparticle Plasma 


One interesting but as yet purely fundamental application of col- 
loids is the generation of a microparticle plasma. James and 
een ere have shown that a 'mixture' of positively and negatively 
charged colloids exhibits many of the phenomena characteristic of the 
standard electron-ion plasmas. No practical application of micro- 


particle plasmas has as yet been found. 
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1.2.4 Energetic Microparticle-Surface Interactions 


The possibilities of energetic microparticle-matter interactions 


for various ranges of particle velocities have been discussed by 


3 


Harrison. Table 1 summarizes some of Harrison's results. The 
acceleration potentials required to achieve various particle veloci- 
ties using particles with charge to mass ratios of 5 and 5 x 10° 


coul/kg are also given. 


Table 1: Interactive Phenomena Associated with Energetic Micro- 
particles and the Acceleration Potentials Required to 
Produce Them. 


Particle Energy per Temperature Impact Acceleration 


Velocity Nucleon, e* of Impact Phenomenon* Potential Req'd 
vk (typical of Area* for Charge to 
a 1 micron Mass Ratio 
diameter y 
particle) 5 5Exe10 
4 coul/kg coul/kg 
(m/sec) (eV) CK) (Vv) (V) 
pecan’ irae 10° cratering >10° >10 
10*<y<10°  1<e<107 10° Here cool) 210. >10° 
plasma 
10°<v<10° 107<e<10" 10’ fee, hes 
plasma 
10°<v<10’ 10*<e<10° 10° fusion Sty 1 sak! 
conditions 
rO°ey 10°<e ~ thermo- >101? >10° 
nuclear 
phenomena 
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Table 1 shows that solid microparticles, charged by currently 
available methods? to between Lone and 10 coul/kg, would require exces- 
sively large accelerators to produce hot plasma or fusion phenomena 
since acceleration potentials of greater than 10° volts are required. 
On the other hand, colloids have been produced with charge to mass 
anette in excess of 10° coul/kg, and hence show some promise of 
being accelerated to the hypervelocities shown in the table without 
requiring unduly large accelerators. 

A ramification of the figures quoted in Table 1 is discussed by 
Porwolsl aes He describes, in a patent application, a nuclear reactor 
consisting of a beam of energetic microparticles (containing uraniun, 
deuterium and tritium) impinging on a heavy metal such as uranium. 
Sufficiently energetic particles could cause fusion and fission in 
the target area, thus initiating the release of large amounts of 


energy. 


1.3 Laboratory Generation of Microparticles 


io, ae oolad Microparticles 


Previous work in this laboratory has exclusively been carried out 


nen Carbonyl iron, carbon, and aluminum 


with solid microparticles 
particles in the size range 0.5 to 20 microns diameter have been 
charged and accelerated. Recently a 300 kV de accelerator has been 
built for microparticle studies. Several methods of charging solid 
microparticles can be used in laboratory experiments. In contact 
charging, the particles touch an electrode held at high potential, 
receive a charge during the contact, then are expelled at high vel- 


Shop Wey ia EY 
ocity in the strong electric field at the electrode surface : 
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Particles can also be charged by ion bombardment =®, or in the gap of a 
parallel plate capacitor’, Typical charge to mass ratios for solid 
particles range between 100% and 10 coul/kg. Thus, the net charge on 
a microparticle with mass Tor ke kg and charge to mass ratio 1 coul/kg 


is roy coul, or about 6 x 10° electronic charges. 


Leo <een colloids 

Liquid colloidal particles are produced by forcing a conducting 
non-volatile fluid, such as a solution of glycerol doped with sodium 
iodide, through a capillary tube held at high potential opposite an 
aperture in a grounded plane. The intense electric field at the cap-: 
illary tip produces a filament of charged fluid, which subsequently 
breaks up into tiny charged droplets. Particles with charge to mass 
ratios of ir to 10H coul/kg can be produced. Estimates on the basis 
of certain electrohydrodynamic stability criteria (Section 2.2) show 
that a droplet with a charge to mass ratio of 10° coul/kg contains at 
most 6 x 70m coul (400 electronic charges) and at most 6 x 102° kg 
of fluid. As the charge to mass ratio is increased, the particles 
contain less charge and less mass. Many researchers have investigated 

21 


20 ; 
liquid colloids, and the works of Wineland and Burson’, Kidd”, and 


IRA See 
Cohen, Burson, and Herren give representative results. 


1.4 The Present Study 


The existing research program of the microparticle study group 


has concentrated on the charging, acceleration, focussing and trans- 


port of solid Mieropart! cleats The main laboratory facility is 


a 300 kV de single gap accelerator. 
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The present study is concerned with colloid sources. The goals 
of the study are to develop a source producing a well focussed beam 
of charged colloids with a narrow range of charge to mass ratios with 
average values from 1 to 500 coul/kg. The emphasis is on developing 
a very versatile source that can be easily manipulated while in the 
300 kV dome, and which can generate reproducible beams with particles 
of predetermined charge to mass ratios. Once suitable colloid beams 
have been established, these beams will be accelerated in the 300 kV 
accelerator. 

In the initial phases of the study, a colloid source was built 
and set up in a test bench vacuum chamber. Colloidal particle beam 
detectors for measuring the beam current were developed, along with 
visually reacting detectors for observing beam spatial distributions. 
Source parameters such as source geometry, working fluid resistivity, 
operating voltage, and fluid pressure were varied and their effects 
on the colloid beam were noted. When a stable, continuous beam cur- 
rent had been established, the charge to mass ratio distribution and 
average value of the beam were measured, and the beam spatial distri- 
bution was observed. 

Once a set of source operating conditions that produced a suit- 
able beam had been found, a parametric analysis of the colloid source 
was performed. The average charge to mass ratio of particles in the 
beam and charge to mass ratio distribution were measured as the cap- 
illary tube size, fluid resistivity, capillary voltage, and fluid 
pressure were varied through an eperacine range. 

The results of these investigations showed that a colloid source 


would be suitable for use in the 300 kV accelerator. Accordingly, a 
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new source was designed and built for this purpose. The accelerator 
was extensively modified to allow more convenient usage during the 
experiments, and to permit control and operation of the colloid source. 
In the final experiments, the colloid source was operated in the 
accelerator, and the beam accelerated through potentials of up to 90 
kV. The observed behavior of the beam was compared to the results of 
a theoretical discussion of the focussing and accelerator properties. 
The operation of the source in the accelerator and the acceleration of 
the colloid beam showed that colloid beams can be used in energetic 


microparticle research. 
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CHAPTER 2 


COLLOID SOURCES 


291 inTheeBasic Technique 


Most of the current understanding of colloid sources has come from 
research specifically oriented towards microthruster applications. As 
a result, emphasis has been on high charge to mass ratio, high thrust 


beams. Much work in the Pieida ta oot 


has used a simple device con- 
sisting of a single capillary tube, as shown in Figure 1. Dimensions 
and operating parameter values shown are typical of both the present 
study and single capillary colloid sources reported in the literature. 
The working fluid, typically sodium iodide doped glycerol, is forced 
from the tip of the capillary by the feed pressure, charged at the 


capillary tip, and expelled at high velocity out through the hole in 


the extractor plate. 


extractor, 

typically 
capillary tube, typically fe GuTINUEL sO _ 
U-eiemmeOel sex 00.2 O0emml sD. es 
conducting fluid, me = 


at pressure 2 to 
20 cm Hg 


=_- 
Pa - 
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5 to 20 kV aia is 
capillary potential by 


Figure 1: Schematic of a Single Capillary Tube Colloid Source 
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Variations on this apparatus have included various capillary sizes and 


25,26 10,27 


shapes » arrays of capillary tubes 


; apes #4 
» linear slits Zp and annu- 


jar See 


In each case the beam is formed in the same fashion 
as in the single capillary tube version. Since this thesis is con- 
cerned with producing a stable, focussed beam with a relatively low 
charge to mass ratio, the single capillary tube apparatus in its sim- 
plest form appears to be adequate for the current experiments. 
Spacecraft are electrically isolated in space, so there must be 
no net charge flow in the electric microthruster exhaust beam. Devel- 
opment of colloid thrusters with no net charge flow has led to invest- 
igation of positively and negatively charged colloid beams. One micro- 
thruster design uses two interposed arrays of capillary tubes, one of 
them operating at positive capillary potential and the other at nega- 
tive potential 5? Another method of producing no net charge flow 
beams is to operate a single capillary needle with an alternating 
current high voltage waveform on sore Again, the specific application 
of the colloid source developed in the present work for use in the 
microparticle accelerator requires only positively charged beams, which 
are produced by applying a positive dc voltage to the capillary tube. 
Several different types of beam detector can be used. For the 
purpose of discussion in this chapter, only a current detector is con- 
sidered. The beam is intercepted by a metal plate, and the current 
carried by the beam is then fed through a resistor to ground. The 
voltage generated across the resistor is monitored to show the mag- 
nitude of the beam current. 


The remainder of this chapter deals with colloid beams as reported 


in the literature, and problems associated with using them. Only the 
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section on spray mechanisms (Section 2.4) refers specifically to single 
capillary sources; the remaining discussion applies to colloid beams in 


general. 


Peed Droplet Stability 


Lisa pee Le Rayleigh Criterion 


A charged liquid drop is stable prewited the repulsive forces of 
the surface charge do not exceed the cohesive forces of surface ten- 
sion. In 1882 Lord Rayleigh discussed the stability of a charged 
liquid drop by examining the Legendre Polynomial expansion of the equa- 

a3 


tion describing the surface shape of a perturbed spherical drop’~. It 


was found that the drop was stable provided that 


tg < Tena A (25.1) 


where q is the drop charge, a the drop radius, and y the surface ten- 
sion in e.s. units. This work was discussed and rederived by Hendricks 


and ernner der aan in 1963. In MKSA units the Rayleigh Criterion becomes 
q? < 64n’e ay. (2.2) 


This result can also be derived by considering a force balance for 
an increment of surface area on a charged droplet. As shown in Figure 
2, the three force components acting on the droplet surface increment 
are the outward electrostatic force per unit area f. due to the net 
droplet charge, the inward pressure f due to surface tension, and the 


outward pressure f, due to the internal hydrostatic pressure in the 


h 
fluid. 
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dA, increment of £ , electrostatic pressure 
surface area e 


fw hydrostatic pressure 


fs, surface 
tension pressure 


Figure 2: Forces on the Surface of a Charged Liquid Drop 


The surface tension pressure and hydrostatic pressure are taken rela- 
tive to the pressure of the medium surrounding the drop. The fluid 
is assumed to be incompressible, so the droplet has a constant radius 
a, constant surface tension pressure f 5 and the hydrostatic pressure 
fh varies as charge is added to or removed from the drop. 


The force balance equation for the three forces on the unit area 


dA is 


f dA = f,dA + f dA ’ (253) 


h 


where the force directions are defined in Figure 2. From electro- 
qeies? the electric field E at the surface of a spherical drop of 


radius a, carrying a charge q is 


E = Sy (2.4) 
4tea 


where ¢ is the permittivity of the medium surrounding the drop. Also, 


qoxd bhupht bagzed9 . do ane odd nepal :$ onuge® all 


64,9 
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the outward electrostatic force per unit area is 


f= 3, (229) 


The outward hydrostatic pressure due to an internal fluid pressure p 


is just 


bag Ce 8 eke (276) 


The general equation for the inward pressure differential created be- 
tween media with static pressures Py and P, across a curved surface 


with radii of curvature Ty and > is 


Py a ) = ie + +) r) (2727) 


where y is the surface peneton For a spherical drop of radius a, 
r, =r, =a. Thus the surface tension pressure, from equation 2.7, is 


Bele. (2.8) 
Ss a 


Substitution of equations 2.4, 2.5, 2.6, and 2.8 in the force balance 


equation 2.3 gives 


2 
te een ee (2.9) 


= 2m 


If the droplet is initially uncharged, the surface tension force 
is balanced by the internal pressure. As charge is progressively in- 


creased on the droplet, the internal pressure decreases to maintain 
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surface stability by equalizing the forces on the unit surface area. 
At some value of charge, qi» the internal pressure is exactly zero, and 


from equation 2.9, 
ay = Ci aca . 


If the total charge q is increased above qq» the outward electri- 
cal force on the surface increment exceeds the inward surface tension 
force and the drop fractures. The drop cannot expand because the fluid 
is incompressible, and for the same reason internal pressure cannot be 


negative. Therefore the drop is stable for charges q such that 


qs 4 


or 


< 64n2yea> 


Q 
A 


which is the Rayleigh Criterion. 
Using the relationship between the mass m, density p and radius 


a of a spherical droplet 


the criterion can be rewritten in several forms, where K is a constant 


given by 
K = 481ey/p . (2510) 


These equivalent forms are 


q? < Km, (2712) 


< K(m/q) , (2ed2) 


QO 
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m < K(m/q)? ; (2.13) 
and 
pea 3 
Ee) , (2.14) 
p the 


In equations 2.11, 2.12, and 2.13, the parameters mass, charge, and 
charge to mass ratio appear. If one of these parameters is given, the 
limiting values of the remaining two can be calculated from the 
Rayleigh Criterion equations 2.11, 2.12, and 2.13. For example, these 
equations have been written with the charge to mass ratio, q/m, as the 
independent variable, and charge, mass, and therefore particle radius, 
can be calculated from it. 

Table 2 shows some values of the upper limits on charge, mass and 
drop radius calculated as functions of charge to mass ratio using equa- 
tions 2.10 through 2.14. The physical constants for pure glycerol 
given in Section 4.4 have been used. 

Table 2: Maximum Values of Charge, Mass and Radius for Stable Glycerol 


Droplets of Given Charge to Mass Ratio, as Calculated from 
the Rayleigh Criterion. 


Charge to Charge Mass Radius 

Mass Ratio 

(coul/kg) (coul) (kg) (m) 
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2.2.2 Ion Emission Limit 

A second type of droplet stability limit arises from consideration 
of the field emission of ions from the surface of the droplet. Elec- 
tron field emission does not occur because the droplets are positively 
charged. A conducting droplet of radius a and charge q has a surface 
electric field of 

pes ae: (2515) 
4m€ 0a 

Experimentally it has been shown that there exists a value of surface 
fieid, Eo» at which ions are emitted from that surface. The value of 
E, for euneacetind is about ie V/m. No corresponding data for charged 
liquid surfaces were found. Thus, for a given charge and limit field, 


the droplets are stable for 


2 
q< 4ne a Ey 3 (2.16) 
In terms of droplet mass this becomes 
2h /3 
367m 
< SS aa e 5a Wr 
d= ( a eee zal 


2.2.3 Summary 
Figure 3 shows plots of both the Rayleigh Criterion and the ion 
emission limit, using equations 2.10, 2.11, and 2.17. Numerical values 
for constants used are those of glycerol, as given in Section 4.4. 
; 9 10 LL 
Curves for ion emission field limits of 10°, 10°., and 10” V/m are 


shown, since the field limit for a glycerol surface is unknown. 


Values for charge to mass ratio calculated from equation 2.13 are 
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indicated along the Rayleigh Criterion curve. It can be seen that, for 
the conservative field limit of 10° V/m, the ion emission limit may be 
more restrictive than the Rayleigh Criterion at the charge to mass 
ratio values of interest in this study, which range from 1 coul/kg to 


ac V/m, the Rayleigh Criterion is 


500 coul/kg. At a field limit of 10 
the sole limiting factor for charge to mass ratios in this range. 

Some experiments were performed by Hendrieksd: to investigate the 
Rayleigh Criterion. A plot of measured charge to mass ratio versus 
droplet radius for octoil droplets having charge to mass ratios in the 
range 10%- to 5 coul/kg showed that less than 0.3% of the droplets 
measured were in the predicted unstable region. It appeared that, acl 
a given charge to mass ratio, the most probable droplet radius was of 
the order of 2/3 the maximum allowable value predicted by the Rayleigh 
Criterion. It is difficult if not impossible to test the criterion 
for higher values of charge to mass ratio because the very small charge 
values involved are below the single particle detector sensitivity lin- 
it, as shown in Section 3.4.2. Great care must be taken in applying 
the Rayleigh Criterion. For instance, charge flow limited or mass flow 
limited beam formation processes may produce stable droplets very close 
to or very far from the theoretical charge to mass ratio limit. At 
best, then, the criterion provides bounds on any two of the parameters 
charge, mass, and charge to mass ratio given a value for the third par- 
ameter. An additional problem is that the surface tension of the 
liquid may decrease as the bulk of liquid decreases, as shown in a 


theoretical discussion by Tolmanss. Macroscopic values of the surface 


tension have been used throughout this work. 
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From the foregoing discussion it can be concluded that if a drop- 
let is too highly charged, there are two mechanisms whereby it can be 
transformed into one or more stable droplets--particle breakup or ion 
emission. If a droplet splits in half, the two daughter droplets have 
the same charge to mass ratio as the parent, but each has a charge 
0.707 times the theoretical maximum charge a droplet of its mass could 
stably carry (equation 2.11). In the second mechanism, ejection of 
ions from a charged droplet rapidly reduces the charge to mass ratio 


of the original large droplet, thus making it more stable. 


2.3 Charged Species in the Colloid Beam 


In any colloid beam there can exist a great variety of charged 
species. For instance, it is observed experimentally that ions are 
often produced when high charge to mass ratio colloidal particles are 
saenaaiel This occurs when highly conducting fluids, high capillary 
potentials, or low mass flow rates are used. Ions are also produced 
when poor vacuum at the capillary tip (caused by fluid out-gassing, 
poor vacuum in the system, or gaseous electrolysis products in the 
fluid) allows electrical corona to appear at the capillary tip. 

The incidence of neutral particles in the beam is not usually 
detectable, because detection schemes generally utilize beam current. 
The fluid feed pressure, capillary dimensions, and fluid viscosity are 
such that with no applied capillary voltage, fluid drips very slowly 
from the capillary tip. Thus no neutral particles can be mechanically 
sprayed down the beam axis. There is some evidence, however, that 
fluid evaporates from droplets in flight (see Section Dis laades ael be 


free neutral fluid molecules so created may have a velocity partially 
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directed down the beam axis. 

Under normal operating conditions, the majority of charge and mass 
transport occurs in droplets having charge to mass ratios close to the 
average value of charge to mass ratio for the entire beam. The width 
of the beam current versus charge to mass ratio distribution typically 
covers a range of one decade in charge to mass ratio, and the distri- 
bution width increases with increasing mass flow rate, charge to mass 


ratio, fluid conductivity, or capillary voltage. 
2.4 Beam Formation Mechanisms 


In order to discuss colloid source operating modes, some terms 
defining the distinctive beam current waveforms are required. In the 
"pulse mode", the beam consists of groups of particles travelling to- 
gether which produce regularly shaped, regularly spaced current pulses 
at the detector. The "dc mode" is characterized by a continuous, con- 
stant current level at the detector. A "current burst" is associated 
with the appearance of corona in the beam at the capillary tip and the 
production of many ions in the beam. The corresponding detected cur- 
rent waveform starts as an unstable pulse mode, changes to a wildly 
unstable de mode, then falls to zero current for a short while. 

Researchers using single capillary tube colloid sources have re- 
ported two stable types of beam--the pulse mode and the de mode. (See, 
for example, Wineland and BURRC uaa In general the pulses are formed 
when the source is operated at the low end of the operating capillary 
voltage range. As the voltage increases, the pulse period decreases, 
At some threshold voltage an abrupt shift to a stable dc mode is ob- 


served. The magnitude of the dc current increases as voltage is 
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increased, until further instabilities appear. 

Some of the first attempts to photograph a capillary operating in 
the pulse mode were made by Carson and Hendefickaeas and Hendricks et 
anst, Their results indicated that a pulse started when a large drop 
of fluid collected at the capillary tube tip, then was ejected by the 
electric field. Accompanying the large drop was a filament of fluid 
joining the drop to the fluid adhering to the needle tip. When this 
filament ruptured, it broke into highly charged droplets which travel- 
led to the detector along with the initial, lowly charged drop. After 
a few milliseconds the fluid spray stops and fluid starts collecting 
at the capillary tip again. Since fluid accumulates in a drop on the 
end of the capillary tube in this mode, it may be said that this pulse 
mode is accompanied by a convex fluid meniscus at the capillary tip. 
Wter ea, in a detailed study of pulsing beams using laser holography 
and flash shadowgraph photography, confirmed these results. He showed 
that the fluid filament connecting the initial large drop to the cap- 
illary tube tip, which could be up to several centimetres long, broke 
up subject to two or three types of instability, which could be theo- 
retically related to electrohydrodynamic forces. The filament, or in 
some cases multiple filaments, originated at the tip of a conical 
meniscus. TayTouee 4 in studying fluid-fluid interactions in the pres- 
ence of surface tension and electrostatic forces, illustrated the cone- 
and-filament phenomenon for other fluids, which tends to corroborate 
the work on colloid sources. 

It appears that the capillary tip phenomena are quite different 
when the beam is operating in the stable dc beam mode instead of in 


de’ 
the previously described pulse mode. Huberman and Cohen™ have 
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published photographs of an operating capillary tip at 44.5 X magnifi- 
cation for a sequence of four voltages between 4.6 kV and 5.6 kV. 
These photographs show that the droplets are produced from many tiny 
jets of fluid distributed around the rim of the capillary tube. The 
jets are much smaller than the tube diameter. The overall fluid 
meniscus is concave, with the number of jets appearing on the capil- 
lary rim increasing as voltage is increased. 

The pulse and de modes of beam formation can be observed in one 
experiment by merely varying the operating voltage. Thus the two 


mechanisms do not represent any contradiction in results. 


2.) beam Spatial Distributions 


In addition to exhibiting a predictable sequence of beam types as 
operating parameters are varied (Section 2.4), colloid sources produce 
a series of different beam spatial distributions. Few detailed 
results are available on this topic because researchers generally have 
used detectors which measure total beam currents over large angles off 
the central beam axis. peer and Geis and Shae showed that, 
for a stable dc beam created by a colloid source operating at typical 
values of source parameters, the beam is a hollow cone of discrete 
jets. The beam is anisotropic in mass flow rate, thrust, and charge 
to mass ratio. The hollow cone can have an included half-angle of up 
to 35°. Beam divergence increases with increasing mass flow rate, and 
decreases with increasing capillary voltage. The effects of beam di- 
vergence and anisotropy are of some importance in colloid microthruster 


applications and can be allowed for in thrust calculations. Beam di- 


vergence and anisotropy are of extreme importance to the present study, 
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which seeks a focussed, axial beam. 
Section 6.8 shows that, in addition to the previously reported 
divergent beam shape, operating conditions can be found such that the 


beam consists of a cluster of discrete jets close to the central axis. 


2.6 Space Charge in Colloid Beams 


A question arising from the preceding discussion of large beam 
divergences (up to 35° off axis) is whether or not space charge effects 
in the beam contribute significantly to this beam divergence. Space 
charge forces are the electromagnetic forces on particles in the beam 
arising from the mutual electrostatic repulsion of the charged parti- 
cles, and the constrictive force on the beam due to the magnetic field 
created by the beam current. 

Space charge forces can be estimated using the following assump- 
tions: 

(a) The beam is sufficiently diffuse that the beam current is not 
space charge limited, which means that all particles in the beam 
travel at a constant axial velocity v which is determined only by 
the source potential and is not influenced by the interaction of 
charged particles in the beam. 

(b) The beam diverges slowly, so that calculation of the electric and 
magnetic fields surrounding the beam can be based on a cylindrical 
beam shape. 

(c) The beam current is distributed uniformly over the cross-sectional 
area of the beam. 

The following derivation of space charge effects follows 


ie ecodan and ehaneenber sua: The beam consists of a cylinder of 
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charged particles having charge to mass ratio q/m and axial velocity v. 
The cylinder is of radius r, carries a current i, and charge per unit 
length Q. The effects of space charge are evaluated by introducing a 
test particle also having charge to mass ratio q/m, charge q, mass m, 
and velocity v, travelling at radius r parallel to and at the surface 
of the cylindrical beam. The test particle represents a beam particle 
at the edge of the beam, therefore the radial motion of the test parti- 
cle indicates the motion of the beam envelope in general. The electro- 


static force on the test particle is 


F = qE. 


Here 


ie eer 
@) 


is the electric field at the surface of the beam, and 2 is the permit- 


tivity of free space. Since 


Q=i/v, 


EE 


Les ~ OTE vr 
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: (215) 


This force tends to push the test charge outward. The inward magnetic 
force on the test particle due to the circumferential magnetic field B 


surrounding the current i is 


where 


and Uy is the permeability of free space. Thus the total outward force 


on the particle is 
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Evaluation of the second term in equation 2.21 for typical values of 

source potential (20 kV), and charge to mass ratio (100 coul/kg) shows 
that the magnetic force Fa is°4.5 x TOgas times smaller than the elec- 
trostatic force Fo so Fi can be completely neglected. Therefore the 


equation of radial motion for the test particle is 


2 


nStaF (2.22) 
dt 
or, by equation 2.18, 
Ae i iL 
aoe ‘ (9923) 
dt 27€ vm r 


This equation can be transformed into a trajectory equation with vari- 
ables beam radius r and axial position z, then normalized with respect 


to the initial beam radius ro: Thus 
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Ate ibe dt 


where dz/dt = v is a constant. Therefore equation 2.23 becomes 


Z 
dete rates ee) 


dz 2T1E a ia 
fe) 


If R= r/r and Z = z/x equation 2.25 becomes 


dehy (i aer ly (2.26) 
R 


This equation is integrated by multiplying through by dR/dZ, and yields 


2 , 
fe = setae: ed one (807) 
(e) 
dZ 271€ Vv m 


Here dR/dZ = Ri at R= 1 and Z=0. Equation 2.27 is reduced by trans- 


posing variables. An integration then gives 


he R 
° 2 
on ae i lo f (2.28) 
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A = exp (= e (2.29) 
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A transformation of variable t = (1nRA) @ in this equation gives 


ul 
pene Cars) oe 
Z= (er) iL 1 e dt. 


3 
URS 
fe) 


27 


Pe 
eaten 


aoe 


ban Rp\sth is a 
abloty tial g \ mpelg ha Ros, 


f 


Using equation 2.20 to eliminate particle velocity yields the final 


expression 


1 5 
. 13s 7 (InRA)* 2 
pan frees? (= Jf , Aer (2.30) 
me WV q (1nA) 


Equation 2.30 has been evaluated for various typical values of 
beam current, source potential, and particle charge to mass ratio at a 
fixed value of initial beam radius Cr 203 2e x 10m m, which is the 
outer diameter of the capillary tube used in much of the present work. 
Initial beam divergence has been set to zero (A = 1 in equations 2.29 
and 2.30). Table 3 shows results for beam envelope radius and beam 
envelope divergence angle at a distance 0.3 m downstream from the 
source. 
Table 3: Beam Envelope Radius and Slope Angle Due to Space Charge in 


an Initially Cylindrical Beam of Radius 2.032 x 1054 m, ata 
Distance 0.3 m from the Source. 


Source Beam Charge to Beam Beam 
Potential Current Mass Ratio Envelope Envelope 
Radius Divergence 

(kV) (amp) (coul/kg) (m) (degrees) 

20 IveERTOES 100 215 x 107¢ 0.2° 

20 exe pe! 10 5:9 x 107 1.59 

5 1 -<0i082 100 4 41082 10.0° 

5 ees aK 10 aevey 108e 18.0° 
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Detailed comment on these results is difficult without comparison 
of an observed beam spatial distribution with the space charge effect 
calculated from the observed experimental beam parameters. However, 
it appears that the divergence angles calculated due to space charge 
may be as high as half the observed beam divergence. The values in 
Table 3 show that in applications of colloid sources requiring an 


axially focussed beam, space charge must be considered. 


2./ Beam Energy Losses 


2.7.1 Introduction 

The energy loss of the beam during the droplet formation neocesses 
and the energy loss during transit are important for two reasons. 
Firstly, droplet formation losses result in errors in the beam para- 
meters calculated from the nominal value of capillary potential. 
Secondly, mass evaporation of fluid from a droplet means that the 
droplet charge to mass ratio increases and kinetic energy of the 
droplet decreases as it drifts along its trajectory. In colloid 
microthruster applications, only the formation loss is significant, 


while in microparticle accelerators both effects are important. 


2.7.2 Mass Evaporation from In-Flight Droplets 


In the present work, a system vacuum pressure of 2 x TOlhe torr 
was typical during colloid source operation. Gas analysis results for 
the gas in the vacuum chamber (Section 9.4) show that about half of 
the pressure, or 1 x Ome torr, could be attributed to glycerol vapour, 
and the remaining 1 x 107° torr was made up of residual gas and frac- 


tionated glycerol. Vapour pressure data for glycerol are presented in 
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Section 4.4, and show that at a vapour pressure of 1 x ica torr the 
glycerol temperature is -19°C. For lack of specific data it is assumed 
that the initial temperature of droplets formed at the colloid source 
is 25°C. At this temperature, the glycerol vapour pressure is 1 x Oe 
torr. As the 25°C glycerol is sprayed into the vacuum, glycerol is 
evaporated from the droplets because the vapour pressure at the 
glycerol surface is higher than the surrounding partial pressure of 
glycerol vapour. The energy needed to evaporate this mass from the 
drop must come from the thermal energy of the drop and its temperature 
falls until the drop becomes stable, at a temperature of -19° and a 
vapour pressure of 1 x aye torr. 

Once this first phase of evaporation is complete, glycerol evapora- 
tion continues at a rate dependent on other considerations. Fluid must 
continue to be evaporated in order to replenish the vapour removed by 
the pumping system. However, most of this may in fact come from fluid 
deposited on the collimators or beam targets rather than from the beam 
in flight. Evaporation from the glycerol droplets in flight is nearly 
adiabatic. Thus the droplets will remain constant in size, once they 
have cooled to a temperature which equalizes droplet vapour pressure to 
the system partial pressure of glycerol, since heat cannot be trans- 
ferred to the droplets in flight. Clearly this second stage of evapor- 
ation depends on several intangible considerations such as pumping 
speeds, conductances, and the amount of glycerol previously deposited 
on system surfaces. 

An estimate of the speed of the gaseous glycerol molecules can be 


made from the average energy of one molecule, eae which is found 


from gas hes rag ate to be 
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e = Cane) = 
ave 2 ave 
where m is the molecule mass, v the molecule velocity, T the molecule 
temperature, and k is Boltzmann's Constant. If T is assumed to be 
300°K, the root mean square molecule speed is found to be 280 m/sec. 
Now, a glycerol droplet with a charge to mass ratio of 50 coul/kg 
formed at a source potential of 15 kV (conditions typical of this 
study) travels at 1.2 x Nae m/sec. When a molecule evaporates from 
the droplet, its thermal velocity (which is in a random direction) 
adds vectorially to its translational velocity directed towards the 
target. Because the translational velocity is of the same order of, 
or larger than, the thermal velocity, many of the evaporated molecules 
can be directed towards the beam detector as a neutral particle flux. 
In 1965 Hunter and wmeteniee calculated the mass loss and the 
time required to cool glycerol droplets from various initial tempera- 
tures down to the freezing point at 18 ocr using a theory described by 
Gayle et “ae They calculated the mass loss of a particle cooling 
from an initial temperature of 25°C to be about 3% of the initial mass. 


The time required for the cooling process was 4 x nae sec for a par- 


ticle of are m diameter, and 4 x Lon? sec for a particle of me m 
diameter. 

Huberman and conecae reported beam energy losses of 23% for col- 
loid beams with specific charge between 10° and da. x 10° coul/kg, 
capillary tube voltages between 6 and 13 kV, and a source to detector 
drift distance of 0.11 m. Beam energy at the detector was measured by 


observing the beam current transmitted through a variable potential 


retarding the incoming beam. The value of potential at which half the 
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beam was transmitted gave the equivalent beam energy at the detector. 
Subsequently fobeenana performed further experiments which allowed 
separation of beam formation and evaporation effects. In these experi- 
ments the beam was directed through slits at the ends of an arc by 
electrostatic deflection, and beam energy was deduced from the potential 
applied to the deflecting electrodes. Examination of the particle 
energy data allowed measurement of the beam formation energy, which was 
found to be the equivalent of 400 + 200 volts on the capillary potential. 
The remaining loss, up to 23% of the capillary potential, was without 
further discussion, attributed to evaporative loss. 

Because of the appreciable mass loss indicated by Huberman and 
Eonenaee an attempt to calculate mass loss due to evaporation is made 
here. Since the NaI-glycerol solutions used here are relatively dilute 
(< 1/10 saturation), the physical constants for pure glycerol (as given 
in Section 4.4) are used. Yond states that glycerol readily super- 
cools to =BBiCe therefore calculations of mass loss during droplet 
cooling from 25°C to -19°C are done for both the case where the fluid 
supercools to -19°C and the case where it freezes at 18°C then cools to 
-19°C as a solid. As pointed out above, -19°C is the estimated temper- 
ature of glycerol in the experimental chamber. For both the super- 
cooling and freezing cases, the calculated mass loss is found to be 
essentially independent of the thermal conductivity of glycerol, by 
considering the two limiting cases of very high and very low thermal 
conductivity. The calculations for these four cases are: 

Case 1: Supercooled fluid, with very high thermal conductivity. 

In this case, the droplet cools uniformly. The amount 


of heat dQ which must be removed to cool the mass m through a 
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temperature range dT, at specific heat Co ia 


dQ = cpmdT - (2320 


while the heat required to evaporate a mass dm with latent heat os 


is 

dQ = *% dm . (2232) 
Since these two amounts of heat must be equal, 

& dm = c pmdT : (2534) 


Integration of this equation gives 


ln 


ate Co 
ad is ett Ha ¢ (2.35) 
ane. e 

where the subscripts f and i denote final and initial values 
respectively. For the parameter values from Section 4.4 (cg = 
0.54 cal/gm/°c, - = 21 kcal/mole) and a temperature range of 


25°C to Eile the ratio of final to initial mass is 
m,/m, = 0.92. (2.36) 


Case 2: Supercooled fluid, with very low thermal conductivity. 
For this case the surface of the drop cools immediately, 
hence the surface temperature is always -19°C while the droplet 
interior cools gradually. Thus the entire initial mass m must be 
cooled through the complete temperature range. In this case the 


amount of heat lost is equivalent to 


Q = com, AT . (2.37) 


33 


bE. ’ Thay * mi . 
sa ' ae ) ee 


sovig ddiVéuge“etita 20 nokamagesed 


-~ 


(at.s) sity 20S gh atts. elie ed pommel 


| - ei 
eawtev Cotzkol bas Lett’ eddanb!t than 2 yagbrondee edt eaedwy 


#99) §.¢ noktoee nox? -saubnn sagsmezeg ad? Tol yqhavbdwegean ) | 


Yo sgnatawiszeqnas # has (slod\iget IS Be O° \mg\ ing ORO 
at eam Inttent of Kiamt® to-ctdex fa /0°L- 0 9°28) il) 
Jeiqoth odd oktdw see lat is sen ote emia 


os suum yo enam fabanat aise sd iat? ebbeuberg sooo sotzazaky io 


od2.ongo wii oh gaat ssuteragaed wonton fa quends tefpne 
te oi ib pesrurapagrenteumak 


ak 


34 


The mass of fluid lost to remove heat Q is just 


dM = a. : (2.3 8) 
e 
Thus, 
m c 
es 2 
ay Wiphigcoltpy-t1y) (2.39) 


The numerical value for the mass ratio is 
m,/m = 0.90. 


Comparison of results for Case 1 and Case 2 show that the differ- 
ence between the two values for mass loss is less than 3%, therefore an 
averaged value of m,/m; = 0.91 can be used for these cases, in which 
the glycerol droplets supercool from 25°C to -19°C. Thus about 9% of 
the initial droplet mass evaporates. 

Case 3: Frozen fluid, with very high thermal conductivity. 

In this case three distinct steps must be considered: 
cooling from the initial temperature of 25°C to the freezing point 
at ete» freezing at 18°C then cooling from 18°C to -19°c. The 
cooling of the liquid phase is described by equations 2.32 to 
2.35. When equation 2.35 is evaluated for the temperature range 


25°C to 18-C, 
my /m, = 0.98 , (2.40) 
where my is the mass of liquid at 18°C.) The drop is assumed to 


freeze from the outer surface inward, so the entire mass My must 


be frozen, and mass evaporation takes place from the frozen 
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surface. The amount of heat Q released by freezing a mass My 


with latent heat of fusion Le is 


Q= X Mp ° (2.41) 


The amount of mass Am evaporated by this amount of heat Q is 


Q= 2% An (2.42) 


where ae is the latent heat of sublimation. is assumed to be 


given ne 


—) 
i} 
2 

os 
Pa) 


Now 


An = mg jl P) (2243) 


where mi, is the mass of frozen glycerol at 18°C left after the 
freezing process is completed. Therefore, from equations 2.41, 


2,42,7 8nd 2.43, 
th =) ye (2.44) 


which has numerical value 


m_/mp = 0.83 . (2.45) 


In the third stage of cooling, the solid mass m at 18°C is 
cooled to -19°C. Since the solid has very high thermal conduct- 


ivity, the mass cools uniformly and 


dQ = c smdT (2.46) 
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is the heat required to cool the mass through a temperature range 
dT, where “ is the specific heat of solid glycerol. A solid mass 


dm is evaporated by heat dQ, as 


dQ = & dm : (2547) 
Equations 2.46 and 2.47 give 
& dm = c mdT . (2.48) 
which integrates to yield 
Be 
In (=)- Op: - Ts) : (2.49) 


Here Me is the final mass at temperature T 
fo) 


solid at temperature Le = 18 C. Numerical evaluation of equation 


f? and m is the mass of 


2.48 gives 


m,/m. =.0°596u. (2.50) 


(2201) 
or, by equations 2.40, 2.45 and 2.51, 
m,/m, Us 1a 


Case 4: Frozen fluid with very low thermal conductivity. 


In this case, the droplet cools and freezes from the 
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outside in. At any instant, the surface of the droplet is frozen 
at =10sce while the interior of the droplet is warmer. Therefore, 
the amount of heat released during the cooling process is the same 
as if the entire initial mass was cooled to the freezing point of 
18°C, then the entire initial mass was frozen at 1sece then the 
entire initial mass was cooled to -19°C from 18°C. This heat is 
removed by the sublimation of glycerol from the frozen surface, at 
-19°C. For the amount of heat QQ released by the initial cooling 
of the liquid, equation 2.37 between the limits of 25°C and 18°C 


applies. Thus 


ory = cpm, AT = -3.78 nm, cal/gm . (2552) 


The amount of heat Q, released in freezing a mass m follows from 


equation 2.41, hence 


Q, = uv m, = -47.5 m; cal/gm . (ease) 


The amount of heat Q, released in cooling the solid mass m, 


through a range 18°C to -19°C is (from equation 2.45) 


Q, = cm AT = -1.11 m, cal/gm . (23,54) 
Therefore the total heat Q released by cooling the droplet is 
OPS hg eed 
or tsiromiequations#2).52,02.053, nride 2e5uny 


Q = -52.4 m, cal/gm . (2.55) 
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The mass of fluid sublimated by heat Q (from equation 2.42) is 


aed 
iy 
s 
or, using equation 2.54, 
mM, te -0.2 m, A 
This reduces to 
Me 
—= 0.80, (2.56) 
m, 


as the ratio of final to initial masses. 

Comparison of Cases 3 and 4 shows that the value of thermal con- 
ductivity has only a small effect on the calculation of evaporative 
mass loss assuming the droplet freezes while cooling from 25°C to 
-19°C. Therefore an average value of 0.79 for the ratio of final to 
initial droplet mass can be used. 

In summary, these calculations indicate a significant amount of 
the mass of a droplet evaporates, as the droplet cools to a temperature 
where the vapour pressure of the glycerol is in equilibrium with the 
partial pressure of glycerol in the vacuum chamber. For a partial pres- 
sure of glycerol of 1 x Tome torr, the amount of mass loss of a droplet 
is 9% if the glycerol supercools, and 21% if the glycerol freezes. 

The mass loss of 3% for the cooling of a liquid drop from 25°C to 
18°C derived by Hunter and ane en ie is consistent with the present 
calculation (equation 2.40 gives 2% for the same result). The mass 


PROM pee 
loss of up to 23% measured by Huberman and Cohen - is in agreement with 
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the present calculation, in which a mass loss of 21% was found for the 
case where the droplets freeze. 

The experimental parameters used by Huberman and conense have 
been described earlier in this section. Their results show that for a 
particle formed at 6 kV and having a charge to mass ratio of 10° coul/ 
kg, the particle traverses the source to detector distance in 1 x 10> 
sec and loses 23% of its mass in this time. On the other hand, Hunter 
and Wineiande calculated that a particle of 10TF m diameter loses 3% 
of its mass in 4 x are sec. The Rayleigh Criterion (equation 2.14) 
shows that a particle of T10ne m diameter has a charge to mass ratio of 
10° coul/kg or less. Thus for similar particles taken over about ae 
same evaporation time interval, results of 3% and 23% mass loss are 
indicated by the two different authors. Presumably this discrepancy 
can be attributed to specific assumptions leading to the calculated 
value of 3%, or specific experimental conditions in the measured value 


of 23%. However, it appears that the overall mass loss of a droplet 


injected into the vacuum is less than 252. 


2.7.3 Beam Formation Losses 

While no complete theory of colloid beam formation exists, it is 
reasonable that the maximum energy of the droplet, given by the nominal 
capillary potential, may be reduced due to mechanisms such as ohmic 
losses during the charging of the fluid, fluid viscosity, and surface 
tension. As discussed in the previous section, Bape rman measured the 
droplet formation loss to be the equivalent of a 400 + 200 volt reduc- 


tion in capillary potential. 
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2./.4 Implications of Energy Losses 


The effect of energy losses on experimental measurements depends 
on the measurement method used. For methods using current detection, 
such as the time of flight method, only the particle formation loss 
affects the accuracy. Beam current is measured at the detector, and 
nominal source potential is used to calculate all other beam parameters. 
Therefore, if the beam charge is conserved, the time of flight method 
gives the beam parameters as they existed immediately beyond the part- 
icle creation point. Thus, the beam formation potential loss of about 
400 volts should be subtracted from the capillary potential prior to 
these calculations. On the other hand, if charge is not conserved as 
the beam moves from the source to the detector, the time of flight 
method gives beam parameters derived from particle charge at the 
detector, particle mass at the source, and the nominal source potential. 

Methods using retarding potential or electrostatic deflection 
analyzers measure particle energy at the point of measurement. Thus, 
all energy losses prior to the instant of measurement are included. 

In this study only beam current detection has been used to per- 
form measurements. Thus the results quoted here refer to beam prop- 
erties very close to the source, not necessarily those at the point of 
measurement. Beam formation losses as reported by Aiperirae were no 


larger than 6% in the present experiments and have been neglected. 


2.8 Operating Parameters and Their Effects 


Much work has been done on parametric analyses of colloid beam 
sources. Kida? gives extensive, representative results. The average 


charge to mass ratio of the beam is influenced by two classes of 
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effect--those which increase the fluid mass flow rate, and those which 
increase the electric field at the capillary tip. The increase in mass 
flow rate lowers the charge to mass ratio, and can be achieved by 
increasing capillary inner diameter, lowering fluid viscosity (by 
heating the fluid or choosing a different fluid), or increasing fluid 
feed pressure. The increase in electric field increases the charge to 
mass ratio, and is accomplished by decreasing capillary outer diameter, 
decreasing the capillary to extractor distance, or increasing the 
operating voltage. Increasing fluid conductivity also increases the 
charge to mass ratio. 

There is an additional problem in choosing operating parameters 
because the beam is not stable for all combinations of parameters. For 
this reason much of the work discussed in Chapter 6 concerns trial-and- 


error experiments to find suitable operating conditions. 


2.9 Secondary Particles 


Several researchers report investigations into the production of 


ebeede By ine 


secondary particles when a colloid beam strikes a surface 
secondary particles may be either neutral or charged glycerol particles, 
or electrons. The glycerol secondary particles may be from shattered 
beam droplets, or from the mass of glycerol previously deposited on the 
target surface. 

The secondary electrons present several problems. Firstly, the 
measured beam current is the sum of the positive charge arriving at the 
detector and the negative charge leaving it. Huberman and cohen 


show data where the secondary electron current is 4 or 5 times the 


incident positive beam current. Secondly, if the secondary electrons 
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are allowed to backstream towards the colloid source, the electrons 
cause instabilities in the colloid beam. These instabilities appear 

as short (less than 100 usec), positive- or negative-going spikes on 
the otherwise stable de current level. Thirdly, prolonged bombardment 
of the capillary tube tip by secondary electrons leads to the build-up 
of a black, tar-like deposit on the capillary tip. This deposit may be 
a polymerized form of piveerotao Finally, since the beam is posi-— 
tively charged, the electric field surrounding the positively charged 
beam can trap low energy electrons present in the experimental chamber. 
The trapped electrons may then combine with, and neutralize, the 
charged colloidal particles. The trapping of these electrons means 
that the measured beam current is less than the true current due to all 
the positive particles in the beam. 

Successful operation of a colloid source often depends on the cor- 
rect application of bias voltages on components in the experimental 
chamber to suppress the secondary electrons. Generally speaking, most 
researchers report using a suppression grid biased at -30 to -100 V 
directly in front of the detector surface. Also, the extractor in the 
colloid source is often biased at -300 to -500 V with respect to the 
experimental chamber walls in order to present an electron barrier to 


secondary electrons drifting towards the colloid source. 
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CHAPTER 3 


DETECTORS 
3.1 Introduction 


This chapter reviews some of the methods available for detecting 
and analyzing charged colloidal particle beams. The theoretical bases 
behind the detection methods used later in the experimental work are 
outlined. However, all material pertaining to development and realiza- 
tion of the detectors is presented in Section 6.3. 

Choice of beam detection methods clearly depends on the informa- - 
tion required. For the present study, the information must include: 
(a) the beam current, 

(b) the average charge to mass ratio of particles in the beam, and 
some estimate of the charge to mass ratios present on the particles 
in the bean, 

(c) the mass flow rate in the bean, 

(d) the spatial distribution of the beam. 

The first three requirements are related to understanding the colloid 

source behavior and to assessing the suitability of the source for use 

in the microparticle accelerator. The fourth condition is essential to 
use of the colloid source in the microparticle accelerator, since the 
accelerator application requires a focussed axial colloid beam. 

Detection methods described in the literature include: single 
particle Heeeet onsen time of flight methods utilizing current detec- 
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tion » and the use of a quadrupole mass spectrometer . Also, 


three completely new detection methods, namely time of flight methods 
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using charge detection, and two types of visually reacting beam detec- 
tor, were investigated in the present work. Of all these methods, it 
was decided to use the time of flight method using current detection 
and the two visually reacting detectors in the experimental work. 
Reasons for these choices are given in the remaining sections of this 


chapter. 


3.2 \Time of Flight Method Using Current Detection 


3.2.1) introduction 
The time of flight measurement method was first used by Shelton 


53 in 1964. It has been used 


and Cohen, and later described by Cohen 
for nearly all colloidal beam research performed since then. In this 
method, beam current is collected by a metal plate intercepting the 
beam. The current is fed through a resistor to ground and the voltage 
across the resistor is monitored on an oscilloscope to give the beam 
current waveform. Because only beam current is detected, the method 
gives average or total values of the parameters describing the beam. 
Figure 4a illustrates the apparatus used in a time of flight 
experiment. The colloid source and current detector are indicated 
schematically. At some time t=0, the capillary voltage switch is 
activated to remove the source operating voltage, and the source ceases 
to produce particles. For some time after t=0, particles continue to 
arrive at the detector because they were traversing the source to 
detector drift distance at time t=0. Eventually all the particles 
have reached the detector and no further current is detected. 
Physically speaking, the beam consists of a finite number of sub- 


beams, each of which contains particles of a given charge to mass ratio. 
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Thus, the particles in the beam are distributed over discrete values of 
charge to mass ratio. This distribution will be referred to as the 
distribution of charge to mass ratios in the colloid beam. Since all 
particles are created by the same source voltage, the particles in each 
sub-beam travel at the same velocity. However, the various sub-beams 
travel at different velocities. Figure 4b, which shows the ideal cur- 
rent decay curve in a time of flight measurement, illustrates this 
phenomenon. At time t=0, the beam is turned off at the source. The dc 
current is observed to be constant until time t=t,. At t=t 


il Ae 


particles comprising the fastest sub-beam have all arrived at the 


the 


detector, hence the detected current decreases by an amount equal to 
the current contributed by the fastest sub-beam. The process of cur- 
rent decay continues until time t=t-, when the last particles of the 
slowest sub-beam have all arrived at the detector, and the detected 
current falls to zero. 

In practice, the measured current decay curve is a smooth curve 
because there are many sub-beams of particles in the total beam, and 
the method cannot resolve the individual sub-beams of particles. The 
actual curve is illustrated in Figure 4c. 

Because the measured current decay curve appears as a smooth func- 
tion of the measurement time t, the discussion and analysis of the time 
of flight method will assume a continuous, rather than a discrete, dis- 
tribution of the charge to mass ratios of the particles in the beam. 

Analysis of the time of flight data, which is described in the 
following section, yields much information on the properties of the 
colloid beam. Of this information, parameters of direct interest to 


the present investigation of colloid sources for use in the 
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microparticle accelerator are: total beam current, average charge to 
mass ratio, total mass flow rate, and an estimate of the charge to 
mass ratio distribution in the beam. The remaining information is 
applicable to colloid microthrust rocket research, and includes such 


parameters as: thrust, specific impulse, and beam Sieaicns EOS 


3.2.2 Analysis of Time of Flight Data 


In this section, a detailed derivation of some of the parameters 
available from a time of flight measurement is given. The derived 
results give values for total current, total mass flow rate, and aver- 
age charge to mass ratio in terms of the observed current decay curve. 
The remaining parameters are discussed in less detail. 

The previous section has shown that a time of flight measurement 
yields a current decay curve I(t), where t is the time elapsed since 
the measurement was initiated. Also, it is clear that at any instant 
t, the current I(t) is maintained by the current of all particle 


species in the beam with velocities 
Ves D/ tar, (3.1) 


where D is the source to detector drift distance. A function i(t) 


defined by 


re ae =) (3.2) 


gives the amount of current i(t)dt due to particles having a velocity 


between u(t) and u(t + dt), where 


u(t) = D/t . Gr) 
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(It must again be noted that this entire discussion assumes continuous 
distributions for all parameters describing the particles in the beam.) 


Clearly 


I(t) -{ ie) d tee (3.4) 
t 


The upper limit of integration in equation 3.4 could also be t, since 


f 
I(t) = i(t) = 0 for all times t 2 tp. 
The kinetic energy of the particles is related to the source 


potential V, by 
tmu” = qV , es) 


where m = particle mass, q = particle charge, and u = particle velocity. 


The charge to mass ratio of the particle c(t) is given by 


Ad 
a ep, 
c(t) ihe ape 
or, by equation 3.3, 
2 
c(t) =—>. (3.6) 
2vVt 


The first result available from the time of flight measurement is 


a value for the total steady state beam current, 15 This is given by 


Di Sol I 8 -{ rtjyacn. (3.7) 
0) 


The mass flow rate of the beam is now considered. M(t) is defined 


as the mass flow rate incident on the detector at measurement time t. 
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A function m(t), defined as the distribution of mass flow rate over the 


measurement time t, is given by 


f(t) = - Lome) . (3.8) 
In summary, then, i(t)dt represents the current, and m(t)dt represents 
the mass flow rate, due to particles having velocity between u(t) and 
u(t + dt) and charge to mass ratio between c(t) and c(t + dt). The 
function i(t) is defined as the distribution of current over measure- 
ment time t, and m(t) is the corresponding mass flow rate distribution. 
The use of t as a parameter for the current distribution i(t) and mass 
flow rate distribution m(t) allows immediate calculation of the current 
or mass flow rate contributed by particles having a given charge to 
mass ratio c(t) (from equation 3.6) or velocity u(t) (from equation 3.3). 
(It must be emphasized that the dot operator, '*', is not equivalent to 
the operator 'd/dt' since the former refers to the flow rate of charge 
or mass in the steady state beam, while the latter refers to times in 
the time of flight measurement period.) 


The steady state mass flow rate for the complete beam is given by 

e e oo 

M_ = M(0) -[ m(t)dt . (3.9) 
0) 


The function m(t) is now related to the function i(t) so that the 
integral in equation 3.9 can be evaluated in terms of the experiment- 
ally observed current decay curve. At some time t, consider only those 
particles having charge to mass ratio c(t) and velocity u(t). These 


particles contribute a current i(t)dt and a mass flow rate m(t)dt to 
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the entire colloid beam. Now, 


: = charge 

CPT: unit beam length Sad) 
and 

m(t)dt = os x u(t) . 


unit beam length 


The ratio of the two quantities gives 


i(t) _ charge/unit beam length (3.10) 
m(t) mass/unit beam length ~° : 


Since all the individual particles considered have charge to mass 


ratio c(t), the right-hand side of equation 3.10 is also c(t), and 


(hp e=em(t)c(t)a. C311) 


Using equation 3.11, equation 3.9 becomes 


and, by use of equation 3.6, 


fe) 2 


M - 4 f 7a (t)dt A (3512) 
Dee.0 


The integral 
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re f eseae 
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can be integrated by parts to give 
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Hence, the total mass flow rate is given by 


M, alee Yas (3.14) 

In accelerator applications, the most useful value of charge to 
mass ratio that could be assigned to the entire beam would be the 
charge to mass ratio corresponding to the greatest particle flux. Cal- 
culation of such a charge to mass ratio would involve knowledge of the 
charge and mass on individual particles, which is not available through 
the time of flight method. An alternative value of charge to mass 
ratio for the entire beam will be called the nominal charge to mass 
ratio, and is defined as the value of charge to mass ratio contributing 
the maximum current to the beam. The nominal charge to mass ratio is 


given by 


caa_pa Danae oily: 


where th is the measurement time at which i(t) has a maximum and I(t) 
has a maximum slope. The value t has been indicated on the current 
decay curves in Figure 4. 

It has been shown that i(t)dt gives the current contributed to 
the beam by particles having charge to mass ratio between c(t) and 
c(t + dt). This gives no information about the number of particles 
in this charge to mass ratio range. However, the range of charge to 
mass ratio over which i(t) is non-zero indicates the range of charge 
to mass ratios present in the beam. This charge to mass ratio range 
has been used in describing the experimental results given in Chapters 


6 and 9. 
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Because a colloid source suitable for use in the microparticle 
accelerator was being developed, the values of total beam current, 
total mass flow rate, nominal charge to mass ratio, and the range of 
charge to mass ratios present in the beam were of most interest. 

Table 4, Part B, summarizes these results. The values given in Table 
4, Part C, are used in colloid microthrust rocket research, and are 
discussed by wey Huberman and Cohensae and Burson and Herren’~. 

In the early stages of the present experimental work, it was 
desirable to correlate the present results to the results quoted in the 
literature. A short computer program (not discussed here) was used to 
numerically integrate the time of flight measurement current decay | 
curve to obtain values for all the results listed in Table 4. Results 
of the time of flight measurements are given in Chapters 6 and 9. 

It was stated above that the time of flight method yields only 
"average" values for various beam parameters and yields no information 
about the numbers of particles in the beam having a certain charge, 
mass, or charge to mass ratio. In Appendix A, a discussion of this 
problem is made by defining a function f(q,m), which is equal to the 
number of particles per unit beam length per unit charge per unit mass 
having charge q and mass m. This function is then manipulated to show 
that the time of flight method experimental results cannot be reduced 
to give any information about particle numbers, and that the results 
listed in Table 4 are indeed a complete analysis of the time of flight 
results. 


The analysis of time of flight measurement data depends on two 


assumptions. These are: 
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Table 4: Summary of Results Available From a Time of Flight Measure- 
ment. Part A Defines Symbols, Part B Gives Results Used in 
the Present Work, and Part C Gives Results Relevant to Micro- 
thrust Rocket Research, as Defined by References 24, 25, and 
32. 

Parameter Symbol Derivation 

Part A 

— measurement elapsed time r measured 

- source to detector distance D measured 

- measured current decay curve VEG ee) measured 

- source operating potential V measured 

[oe) 
- integral xX xX “fh Ttoac 
[e.e) 
- integral vé ve - |, CuCe dt 
- acceleration due to gravity g constant 
Z 

- charge to mass ratio (see text) PM Ge)) e(t) =D Jove? 

Part B 

- total beam current I, I, = I(t) 

e e 2 

- total mass flow rate M, ee 4VY/D 
- nominal charge to mass ratio cy c(t) corresponding to 

point of maximum slope 

OEBLCE)), 
- range of charge to mass ratio -- CCE) eLor t) <2 te < te 
Bartec 

; Zz 
- mass flow rate averaged charge Hs Seti To/M, = Ip /4VY 
to mass ratio 
Heats ie 

- square mean root mass flow rate C. Coes Dx’ /8VY 

averaged charge to mass ratio 

- distribution efficiency e ere ci/c, 

- total beam thrust T T = 2VX/D 

- specific impulse S S = T/M 8 = DX/2gY 


ne 
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(a) the particles are created and accelerated through the source volt- 
age V in a distance short compared to the source to detector drift 
distance; 

(b) the source to detector drift region is field free. 

There is also an inherent assumption that the charge and mass of the 

particle remain constant during the source to detector drift time. 

Since mass influences the particle velocity only during the short 

acceleration period, mass loss during the drift time does not alter 

the time of flight measurement result. Particle charge influences 

particle velocity only during the particle acceleration, also. However 

charge loss appears as a decrease in detected current. If the charge 
loss affects all the particles in the beam equally, the shape of the 
detected current decay curve is unchanged, and the time of flight 
measurement gives particle charge to mass ratios as they existed at 


the particle source, prior to any drift period. 


3.3 Beam Spatial Distribution Measurement Methods 


3.3.1 Introduction 

While it is not difficult to produce a stable dc beam in a colloid 
source, the spatial distribution of the beam is usually complex and 
often asymmetric. As the source operating voltage is increased through 
the operating range, the beam typically changes through the following 
patterns: a few discrete jets located on the arc of a hollow cone, a 
complete hollow cone of jets, a diffuse hollow cone, and a focussed 
axial beam. Since the beam is produced by intense electric fields at 
the capillary tip, factors such as tip shape, extractor hole shape and 


capillary alignment strongly affect the beam distribution. 
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Knowledge of the spatial distribution of the colloid beam is 
essential in both accelerator and microthruster applications. In an 
accelerator, the beam must be on the axis. Beam shape is useful in 
determining collimator design, source efficiency, and the amount of 
wasted beam. In microthrust rockets, the beam shape fundamentally 
affects thrust efficiency and direction. Measurement of beam thrust 
using standard time of flight methods assumes that the beam is entirely 
along the thrust axis. Any deviation from this assumption, such as a 
hollow cone beam, results in less thrust than that calculated from 
time of flight measurement data. Clearly, any asymmetry in the beam 
results in undesirable side thrust components. These problems indicate 
the necessity for a rapid reliable method of checking the beam shape 
whenever any physical or operating parameters are changed. 

Several approaches have been used to determine beam distribution. 
Analysis of time of flight data using point by point sampling of the 
beam is the most complete methods However, it is laborious, time 
consuming, and relies on maintaining perfect beam stability for the 
duration of the sampling process. A beam current detector with several 
concentric rings is easier to use but determines only the average cur- 
rent striking a given section and tells little about beam symmetry or 
alignment. Observation of beam deposition on a surface is a reliable 
method but it represents an average over time. None of these methods 
can illustrate the beam shape during instabilities or transients. 

In the present study, it was decided that use of segmented elec- 
trical detectors would be useful but would not provide sufficient 
detail on beam distributions. For this reason, considerable effort was 


devoted to developing visually reacting beam detectors which would give 
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a rapid qualitative description of beam intensity and spatial distri- 
bution. The theories behind the different types of spatial distribu- 
tion detectors are now described, while all information concerning 

construction, testing and use of the detectors is given in Chapters 6 


and 9. 


3.3.2 Segmented Electrical Detectors 


Section 3.2 has described the time of flight measurement method 
using beam current detection. The only detector required for the 
method is a metallic plate to intercept the beam, which collects the 
beam current. By dividing the metallic surface into a series of elec- 
trically isolated segments connected to a switch box, three different 
measurements can be performed by examining the beam currents on the 
various detector segments. The three measurements are: time of flight 
measurements on the entire beam, time of flight measurements on por- 
tions of the beam, and beam current measurements on portions of the 
beam. The latter can be interpreted as a rough estimate of the beam 
spatial distribution. 

The number of segments in an electrical detector is limited by two 
features: the number cannot be so large that the measured portions of 
the beam current are below some detection threshold, and the number 
cannot be so large that the measurement process becomes unwieldy. 
Detectors with four, five, and thirteen segments have been used in the 


present work, as described in Chapters 6 and 9. 


3.3.3 Visually Reacting Beam Detectors 


Seoeoe muntroduction 


It was felt that if suitable visual detectors could be 
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discovered and developed, much valuable information on beam spatial 
distributions could be obtained. The advantages of having a visible 
representation of beam shape are many. The fine structure of the beam, 
such as discrete jets, is displayed. Short term instabilities can be 
seen, as well as pulse or steady current modes. Photographic data are 
readily taken, which can later be correlated with electrical data 
measurements. Moreover, a rapid visual display greatly simplifies the 
adjustment of operating parameters to obtain a desired beam shape. 

Two ideas which gave useful visual detector results (a 
phosphor screen detector and a liquid crystal detector) are described 
in the following two sections. Only the theory is given here; peperi= 


mental results are given in Chapters 6 and 9. 


3.3.3.2 The Phosphor Screen Detector 


While luminescent screens have long been used as atomic 
particle, electron and photon detectors, their reaction to microparticle 
beams is of interest here. The phosphor used is zinc orthosilicate with 
0.5% manganese activation (Sylvania Type P161). Green light of wave- 
length 526 nm is emitted when electrons, excited by external means, are 
returned to the ground state by a 3d spin flip transition in the dival- 
ent manganese ions substituted for zinc ions in the phosphor lepgeice 
The crystal electrons can be excited by heat, electromagnetic fields, 
or mechanical impact. 

There are two possible phosphor excitation mechanisms. The 
droplets in a typical beam (operating voltage = 10 kV, charge to mass 
ratio = 50 coul/kg) are about L2oat of the phosphor grain size of 3 


to 5 microns, and have a terminal velocity of 1 km/sec. Thus the 
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droplets can shatter upon impact, with molecules or fragments of mole- 
cules entering the phosphor lattice, causing electron excitation. 
Alternatively the surface electric field of the droplets, which may 


9 


approach 10° to 10° V/m, is sufficient to cause local breakdown (i.e. 


electron excitation) in the crystal lattice. 


3.3.3.3 Liquid Crystal Screen 


Liquid crystals have been used to detect small temperature 


gradients in a variety of Ppoliedtionssn an 


When cholesteric type 
liquid crystals of suitable range are heated and illuminated, they are 
optically active, and the wavelength of reflected light is temperature 
dependents 4 The liquid crystal screen is usually prepared as a layer 
of black paint, a layer of clear plastic, and a layer of liquid crystal 
material. The screen is heated, and the liquid crystal material is 
illuminated. The black paint absorbs the component of the incident 
light that is transmitted through the liquid crystal layer, thus making 
the reflected light more visible. 

In the present application, local heating caused by the dis- 
sipation of the kinetic energy of the incident droplets results in a 
colour pattern on the sheet that is characteristic of the spatial dis- 
tribution of the beam. The low thermal conductivity of the liquid 
crystal sheet prevents the coloured areas from spreading beyond the 
incident beam area, thermal stability being achieved by radiation and 
the cooling effect of evaporating glycerol. When the energy of the 
incident beam is itself insufficient to produce marked colour changes, 
the liquid crystal sheet is thermally biased towards the blue end of 


the spectrum with a heat lamp. Then, weak heating shows more clearly, 
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or alternatively the cooling effect of the evaporating glycerol defines 
the beam as a cool spot on the background of the sheet. 

An additional method of beam detection arises from the use 
of liquid crystal screens. When the colloidal beam is incident on the 
black surface of the screen, the glycerol deposited by the beam is 


readily visible. Thus the black surface also acts as a visual detector. 
3.4 Alternative Beam Detection Methods 


3.4.1 Introduction 

Section 3.1 outlined the various colloidal beam detection methods 
considered for use in the present work. Sections 3.2 and 3.3 have des- 
cribed the detection methods actually selected for use, while this 
section now discusses the reasons for rejection of the alternative 


methods. 


3.4.2 Single Particle Detection 

Detection of single charged microparticles can be accomplished by 
measuring the charge deposited in a Faraday cup by the particle, or by 
measuring the charge induced on a metal electrode placed near the part- 


£238 | The charge sensitive amplifier available for the 


icle trajectory 
58 ; -14 
present work has a detection limit of about 4 x 10 coul because 
of the presence of noise in the amplifier. The Rayleigh Criterion 
-14 
(equation 2.11) shows that particles carrying 4 x 10 coul of charge 
have a charge to mass ratio less than 1.7 coul/kg. Thus this amplifier 


cannot detect particles in the range of interest of this study, since 


these particles have charge to mass ratios between 10 coul/kg and 500 


oS) 16 


coul/kg, which correspond to charges of 6.8 x 10Smeucoulsandslsjex0lUm 


coul, respectively. 
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It was deemed impractical to construct a more sensitive charge 
sensitive amplifier, so single particle detection experiments were not 


performed. 


Spear LamenoL Flight Measurements Using Charge Detection 


A modification of the current detection time of flight measurement 
was evaluated, since the idea has not previously appeared in the liter- 
ature. In the method, the current detector is replaced by a long, hol- 
low metal tube surrounding the beam. The total charge induced on the 
tube is the sum of all charge contained within the tube at any given 
instant. Thus the time of flight measurement data are presented as an. 
integrated form of the current decay curve I(t) found by the corres- 
ponding current detector method described in Section 3.2. 

In practice, the method suffers from three disadvantages: 

(a) it is difficult to design a charge measuring amplifier with a 
suitably long input time constant; 

(b) it is difficult to mechanically design the charge measuring tube 
so that no beam intercepts it; 

(c) the current detector method provides the same information using 

a more easily designed apparatus. 

For these reasons, no experiments were undertaken on charge detection 


with the time of flight method. 


3.4.4 Quadrupole Mass Spectrometer 


Use of a quadrupole mass spectrometer to analyze colloid beams has 
been apart th In this device, de and rf voltages are applied to the 
rails of an electrostatic quadrupole. For certain voltages and rf fre- 


quencies, the device transmits particles of a given charge to mass 
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ratio. Thus measurements of beam current as a function of charge to 
Mass ratio can be performed, and these yield exactly the same informa- 
tion as current detection time of flight measurements. 
The use of a quadrupole mass spectrometer was not considered here 
because: 
(a) the device is expensive, and difficult to design and build, 
(b) the device has a very small entrance aperture, so it can analyze 
only small portions of the bean, 
(c) the method does not provide any more information than the current 


detection time of flight method. 
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CHAPTER 4 


SOLUTIONS SUITABLE FOR COLLOID BEAM PRODUCTION 


4.1 Desired Properties of Solutions 


Careful choice of the working fluid can make operation of any 
colloid source much easier and more reliable. The following is a dis- 
cussion of some desirable fluid properties, together with some of the 
reasons behind their importance. 

A fluid with the lowest possible vapour pressure should be selected 
for several reasons. Primarily, the problem of maintaining a suitable 
vacuum pressure in the experimental chamber is reduced. The droplets 
in flight will be more stable, and lose less mass because of evapora- 
tion. Any reduction of fluid evaporation at the capillary tip reduces 
gas discharges and corona in the beam, which are the result of poor 
vacuum in the region surrounding the capillary tip. The possibility 
of sparking between the capillary tube and the extractor is also 
reduced. High surface tension aids droplet stability in general, and 
allows a higher charge to mass ratio on the droplets as shown by the 
Rayleigh Criterion for droplet stability (equation 2.11). High fluid 
viscosity results in a conveniently low mass flow rate (107? kg/sec) 
through reasonably sized capillary tubes (0.2 mm inner diameter). 

The fluid should be non-corrosive, in order to allow long storage 
periods and ease of handling, and to increase the lifetime of capillary 
tubes, detectors and system components. | 

The fluid properties profoundly affect the stability of colloid 


source operation and the charge to mass ratio of the particles produced. 
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It has been found that certain solutions work well for only one of the 
possible types of capillary potential (positive dc, negative dc, or 
high voltage ac). While the electrochemical processes in the charging 
mechanism are not fully understood, it is reasonable that for positive 
capillary potential, the charging process is an electrolytic one with 
the capillary as anode, and the charged fluid as ionic medium. 
Therefore the fluid must not undergo gaseous dissociation at the cap- 
illary tip, since the gas so produced would cause unstable beams and 
raise the vacuum pressure in the capillary tip area. 


It has been found that solutions with bulk resistivity of 1 kohn- 


cm produce beams with charge to mass ratios of the order of 10° coul/kg, 


and 20 kohm-cm solutions produce ia coul/kg beams. Most pure fluids 
have resistivities in the megohm-cm range, so they must be doped with 
ionic salts to reduce these bulk resistivities to suitable values in 
the kilohm-cm range. 

No fluid has all the desired properties. The general approach is 
to select a fluid with a low vapour pressure and use solutes to change 
the fluid resistivity. It is fortunate that other desired properties 
such as high viscosity and surface tension are associated with low 


vapour pressure. 
4.2 Suitable Materials 


Within the general guidelines for fluid selection, there are many 
choices of fluid and doping agent available. Table 5 is a summary of 
the more common fluid choices listed in the literature, and the type of 
source operation they give. Some other combinations are discussed in 


the literature but are not presented here because they produce unstable 
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Table 5: A Summary of Some of the Fluids and Doping Agents Used In 
Colloid Beam Production. 


Solvent Solute Capillary Ref. Comments* 
Voltage 
Polarity 
glycerol = <f- 40 very low charge to mass 
ratio 
octoil - ae 40 
trietnylene - =e 40 cannot change resist- 
glycol ivity; very low charge 
to mass ratio 
tetraethylene - + 40 
glycol 
glycerol ee af 21255 wide range of charge to 
3159 mass ratio available 
ac 32 
glycerol C,H,0Na~ ts 29 
glycerol Nicl,° + 60 
glycerol ZnCl,~ + 60 
glycerol TEAC* - 31 
low charge to mass ratio 
ac 32 
glycerol H,S0,® - ERE difficult to outgas; 
corrosive 
glycerol nao” + 225 leaves precipitate on 
capillary tip 
oleic acid Tract -,+ 31532 low charge to mass ratio 


stable operation is implied for all entries 
sodium iodide 

sodium ethylate 

nickel chloride 

zinc chloride 

tetra-ethyl ammonium chloride 

sulphuric acid 

sodium hydroxide 


og rho 0 © 


64 


ann oF por wot ate | 


~Selvex saonio Jonugy 
ogveis wol \<e¥ repay 
alta waam 62 


of apsrnis to agit dhke 
eldntieve oljnn see 


ete 
a: 
‘ 
. 
0a 
3 
St 


a ae *yaar Lowsaxtg 
ofjes dese of sgzaro wos ate 
” 0 a - 
pongtug 09 tduadTith Ig 4 3 . Soseayla 
SVYAO TOS age 
go sind kgisesq eavaal Br, es | 


ghd yrelitqes 
oties neem oF sgxada wot 
a 


hd 
3 

a 
' 


65 


23 


beams, or beams with too low a charge to mass ratio value (see Hogan, 


for example). Because of the general success of researchers using 
sodium iodide dissolved in glycerol, it has been the only fluid-- 
solute combination used in the present work. It should be noted that 
solutions of tetra-ethyl ammonium chloride dissolved in glycerol or 
oleic acid are also possible for use, since they produce suitably low 
charge to mass ratio beams. However, adequate results were obtained 


by varying the NaI-glycerol solution concentrations. 


4.3 NaI-Glycerol Solution Resistivity and Fluid Treatment 


In the course of this study, fluid bulk resistivity was found to 
be a very significant parameter. The charge to mass ratio of a beam 
produced in a colloid source increases as fluid resistivity decreases. 
The resistivity of a solution of known strength is a reliable indicator 
of the presence of contaminants in the fluid, since contaminants mark- 
edly decrease fluid resistivity. Some theories of the droplet charging 
process use resistivity as a pa Pane rericl A literature review of NaI- 
glycerol resistivity values and solution strengths revealed a scarcity 
of experimental details on fluid preparation, and some inconsistencies. 
These values are listed in Table 6. 

The importance of the resistivity values, the variation in quoted 
values, and the scarcity of experimental information prompted a study 
into the resistivity of NaI-glycerol solutions. The effects of measure- 
ment frequency, temperature, outgas procedure, glycerol purity, and 
doping levels were determined. The solutions were made by accurately 
weighing the glycerol and NaI, dissolving the mixture, then outgassing 


the solution. Both reagent and USP grade glycerol contained 5% water 
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by weight as they were used in solution preparation. The NaI was not 
dehydrated prior to weighing. 

The resistivity was obtained from the measured resistance of a cell 
of fluid. The resistance cell was a glass tube, 3.93 cm long and 1.88 
cm in diameter, with aluminum end plates. One end plate was fastened 
to the glass tube with epoxy, while the other was fastened to the cell 
by means of two sections of threaded rod joining the two end flanges. 
The cell was filled with the glycerol to be measured, and all air 
bubbles were removed through a small notch cut in one rim of the glass 
tube. 

Initial experiments to measure cell resistance were inconclusive 
because the cell resistance changed continuously as a function of the 
time after the dc voltage was applied between the cell end plates. Cell 
resistance was also a function of the applied de voltage. 


Table 6: Values of Resistivity for NaI-Glycerol Solutions, as Quoted 
in the literature. 


Solution Concentration Resistivity Measurement 
(g NaI/100 m& glycerol) (kohm-cm) Temperature (ec) 
0 me, 25 
5 68.0 °° z 
10 5008-0 . 
15 RE? 25 
20 coeieee 2 
20 ay = 
30 465°” 25 


er 


The next series of experiments used an ac voltage applied to the 


resistance cell. The cell impedance was measured for frequencies 
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between 5 Hz and 500 kHz using a Hewlett Packard Model 4800A Vector 
Impedance Meter. Figure 5 shows the cell impedance magnitude versus 
frequency curves for six outgassed NaI-glycerol solutions. 

At high frequencies, the cell impedance magnitude decreased, while 
the corresponding impedance phase changed from near zero degreestowards 
minus ninety degrees. Using the impedance data and a cell equivalent 
circuit consisting of a resistor and capacitor in parallel, the values 
of the equivalent circuit resistor and capacitor were found. For all 
impedance curves measured, the data were consistent with a resistance 
independent of frequency in parallel with a capacitance of 10 pf. The 
shunt capacitance was attributed to cell and test lead capacitance. An 
impedance measurement on the empty resistivity cell yielded a measured 
capacitance value in agreement with the calculated 10 pf. 

At frequencies below 300 Hz, the cell impedance magnitude increased 
while the impedance phase was negative. Attempts to model the low fre- 
quency dependence of the cell impedance by both parallel and series 
resistor-capacitor combinations were inconclusive because the equivalent 
circuit resistance always had a frequency dependence, which showed that 
simple equivalent circuit models of the cell were inadequate. The low 
frequency cell impedance increase could be attributed to polarization 


oe This interpretation is also 


of the ionic solution within the cell 
consistent with the observed cell behaviour with de applied voltages. 


When cell impedance is purely resistive, the fluid resistivity can 


be unambiguously found from the relationship 
0 = RA/L , (4.1) 


where 0 is the resistivity, R is the cell resistance, A is the cell 


67 


be. 


ae aa on rane 
ee ee 


‘ a ‘ 
7}; i . ay 7 _ : 
‘Ain aie A 


oftdw ,baassiosh ob | a 
ebremormeurgad 2% xsi a ainda andor? gathnoqeori0s ada 
toefavtups Diso © baa eich somabaqal ila gate eannereil. = 
eaghay otfd ,fofiwreq ab sodhes@ie Bae watebeas: 6 deigotsenenes/ sheets. © 
Ifa to showed ogaw dodbonqne bas xotetaeT ausxte saoinviups adie %o 
sonatetasy 6 diiw-tastebedas aiaw aoeb n> tevuasos soveus esanbogat: a 
alT iq OL to sonedtoagno & djtw felkersq ak yorapeti 30 saobasqsbat — 


hh Leonasiseges bed! 24as tae Hao oo henudtatte ‘eww wsnatiougas: Snuie 


Bo ae 


— 
- 
=~ 


_ 


hg OE hseintastys ih uth Sonmerygd at SuhY HHS NEN 

beersyont shustugnr suaabagnh (ise wilt) ai 08 weled eutsnsuped? dh o> : 
<9} wo! ada Inbom od aagriotah svioegen aaw gang eocaboqat mass Ne 
getven few Lalianeq ddod yd sonebaqat {199 oitd Ye sonsbasqeb Saar 7 
jaslavtupe add suscosd ovteutaeaak orev anak ssardens sovtanqed“FeQSGes, | 7 : «| 
sada townie daiuw ,sooabieged geaeuped® = bad syawile sonssateet) I2a7ERS |” 
wol 6AT stoupebnat wrow Lies ald Be elabue atumtts analaviupe S1gRee H 
aottenttaloq o7 bsaudivias ed blucn aesotont aomaboamt Lies qonoupest 
dais #1 voksnderqierat atiT a ae . 
Ne TCR 2 apie 2 


a ee oe 


IMPEDANCE MAGNITUDE (k ohms) 


GBEL 


Figure 5: Resistivity Cell Impedance Magnitude for Six Outgassed 
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area, and L is the cell length. All values of resistivity used in the 
present work were found using equation 4.1 at a reference measurement 
frequency of 1 kHz. 

NaI-glycerol solution resistivity was known to be extremely temp- 
erature fevendeneage As a result, the effect was experimentally invest- 
igated in the present work. Figure 6 shows the results of resistivity 
versus fluid temperature measurements on 5 g and 30 g NaI/100 mg 
glycerol solutions. Over the temperature range 10°C to 350C. both sets 


of data are empirically described by an equation 


-0.0364(T-T) 


p= p, 10 (4.2) 


where € is the fluid resistivity and T is fluid temperature in degrees 
Centigrade. Thus the resistivity decreases approximately one decade 
for each 27.5°C increase in temperature. This result is consistent 
with a 30°C/decade dependence estimated from data given by Ridden 

Throughout the present work, fluid resistivities have been 
measured at room temperatures of between 20°C and Dawn then the results 
have been normalized to 25°C using equation 4.2. During each measure- 
ment, a series of measurements were made at half-hour intervals until 
the resistivity value found was constant, which ensured that thermal 
equilibrium had been established. The fact that the 5 g and 30 g NalI/ 
100 m& glycerol solutions showed the same temperature dependence 
justified the use of equation 4.2 to temperature normalize all the 
resistivity results for all solution concentrations. 

Solutions were outgassed by liquid nitrogen trapped pumping on 


about 50 m& of solution in a 250 m& Erlenmeyer flask immersed in a 
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53g NaI/100ml GLYCEROL 


15 20 25 30 35 
SOLUTION TEMPERATURE (°C) 


Temperature Dependence of NaI-Glycerol Solution Resistivity 
for Outgassed 5 g and 30 g NaI/100 m& Glycerol Solutions. 
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65°C bath. The resistivity of a 30 g NaI/100 m& glycerol solution rose 
from 2.6 kohm-cm initially to 4.5 kohm-cm after two hours of outgassing, 
and rose only 15% more in a further sixteen hours of outgassing. A 
standard time of five hours of outgassing at 65°C was used for solution 
preparation. 

The resistivities of various NaI-glycerol solutions are shown in 
Figure 7. Two different glycerol grades were tested. The resistivity 
of USP grade glycerol solutions was initially lower than that of the 
reagent grade glycerol solutions, but outgassing essentially removed 
the difference. A total of six doping levels was measured, ranging 
from pure glycerol to 30 g NaI/100 m& glycerol, in both original and 
outgassed form. It was found that solutions with a particular resist- 
ivity value could be reproduced within +52. 

The measured resistivity values show general agreement with the 
values from the literature (Table 6). The values of Makin and Brighter 
are inexplicably high. 

Some recommendations on solution resistivity measurement procedure 
can be made from the observed dependence of resistivity on the experi- 
mental conditions. The frequency dependence of cell impedance must be 
examined to find a range in which the impedance is independent of fre- 
quency, thus allowing an unambiguous determination of resistivity. The 
strong temperature dependence of resistivity makes temperature control 
essential. This can be done by using a controlled environment or 
applying an empirical temperature normalization, but the cell must be 
allowed to completely stabilize before measurement in either case. 
Solutions should be outgassed before measurement. Once outgassed, 


solution resistivity depends only on doping level, and is stable under 
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( k ohm-cm) 


O USP GRADE GLYCEROL, 
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O REAGENT GRADE GLYCEROL, 
ORIGINAL SOLUTION 


AND 25°C, 


4 OUT-GASSED SOLUTIONS 


SOLUTION RESISTIVITY AT 1k Hz 
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DOPING LEVEL (g Nal/100ml GLYCEROL) 


Figure 7: NalI-Glycerol Solution Resistivity, as a Function of Solution 
Doping Level. 
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vacuum. If these precautions are observed the resistivities of NaI- 


glycerol solutions are clearly defined, stable, and reproducible. 


4.4 Other Fluid Properties 


In microthruster applications of colloid sources, the researcher 
must maximize the thrust per consumed power ratio of the source while 
maintaining a specified fuel consumption efficiency (specific impulse). 
Control and manipulation of parameters such as fluid viscosity, density 
and surface tension can play an important role in this microthrust 
rocket Sega Oe In the present work, the major goal is the 
production of a beam with specified nominal charge to mass ratio with 
a narrow distribution of charge to mass ratio values. This less 
stringent condition has been satisfied by varying system voltage, feed 
pressure, and fluid resistivity. Control of the additional parameters 
mentioned above was not necessary. 

One parameter which was required in the solution preparation 
measurements is the specific gravity of the glycerol in its original 
form, which was measured to be 1.25 for both the reagent and USP grade 
glycerol. A value of 1.26 is given in the literature for anhydrous 
See. 

Throughout the duration of the present study, various calculations 
concerning the behavior of NaI-glycerol solutions have been made. (An 
example of these is the mass evaporation calculations in Section 2.7.2.) 
Because these calculations required values of the physical constants of 
glycerol, these constants have been included in this thesis as Table 7. 


For reasons of completeness, the physical constants have been presented 


here as a group rather than scattered throughout the thesis. Most of 
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Table 7: Physical Constants of Pure Glycerol. 


Parameter Value Measurement Ref. 
Condition 


Physical Data: 


- chemical formula C3H,203 - 65 
- specific gravity 263 20°C 51 
- surface tension 63.4 dyne/cm 20°C sph 
- viscosity 3900 cp 10° ay 
1410 ep 20°C 51 
612 ep 30°C 51 
- vapour pressure -- see Table 8 -- 


Electrical Data: 
- conductivity Se altars ge 20.C 51 
- dielectric constant 41.14 20°C 51 


Thermodynamic Data: 


- latent heat evaporation 21.1 kcal/mole 55°C 51 

fusion 47.49 cal/g 18.07°C 63 

sublimation use sum of evaporation and fusion 63 

- specific heat of liquid .510 cal/g/°C =2050 63 

and vitreous states -540 cal/g/°C 0°c 64 

.600 cal/g/°C 50°C 64 

.669 cal/g/°C 100°C 64 

- specific heat of solid H350 cal/g/°C 0°Cc 64 

.217 cal/g/°C -100°C 64 

115 cal/g/°C =200.C 64 

- boiling point 290.0°C 760 torr 51 

- freezing point feeliec = 51 

17°¢ to 18 C - 51 

i prakae - 63 

ede - 64 

- thermal conductivity 6.8x10"" cal/ 2056 api 
g/ C/sec 

- thermal expansion of ie Oma oe 20°C 51 

volume 
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the data are from Newman's book entitled "Glycerol"-, while some 
values from the Sead), Lange’, and Chemical Rubber concn hand- 
books of chemical data are included. Only where the references dis- 
agree on a certain value are multiple references given. One additional 
piece of information stressed by Newer is that glycerol shows 
"remarked proneness" to supercool down to -83°C (well below the freezing 
point of 18.C), In the supercooled state, the substance is in a 
vitreous form whose physical constants are close to those of the liquid. 
Vapour pressure data for pressures below 1 torr of glycerol could 
not be found in the literature. However, data were given at 1 torr and 
10 torr, for fluid temperatures of 125.5°C and 167.3°C weenee eit 
swe states that vapour pressure data can be empirically fitted by a 


function of the form 


InP = a + B (433) 


: ; fo) 
where P is the vapour pressure in torr, T is the temperature in K, 
and A and B are constants. When this equation is fitted to the vapour 
pressure-temperature data given above for glycerol at 1 torr and 10 torr 


pressures, the resulting equation is 


UES St eens EMP) F (4.4) 


In spite of the fact that the points at 1 torr and 10 torr used to 
evaluate the constants A and B in equation 4.3 lie very close together, 
it is felt that the fit is reasonably accurate over a large range of 
vapour pressure. The reasons for this confidence in the fit are that 


the same values for A and B were found using alternate known data 
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points at 5 torr and 20 torr, and that the functional form of equation 
4.3 forces the curve to go through the point P=0, T=0. 

Equation 4.4 has been evaluated for a variety of glycerol vapour 
pressures, and the results are presented in Table 8. It must be noted 
that the values in Table 8 are an extrapolation from vapour pressure 
data given in the literature into a region where the vapour pressure 
data were not given in the literature, using equation 4.4. These 


extrapolated vapour pressure data have been used in Section 2.7.2. 


Table 8: Vapour Pressure versus Temperature of Glycerol. 


Vapour Pressure> Temperature 
(torr) Rel £66) 
ik 399 126 
i 364 91 
TOs 336 63 
ies = 311 38 
10% 289 16 
Tome 272 -1 
ska SYN a che 
10% Nie meee 
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CHAPTER 5 


TEST BENCH APPARATUS 


5.1 Introduction 


As mentioned in Section 2.1, a colloid source consisting of a 
single capillary needle, similar to that shown in Figure 1, was used 
for experiments described in this thesis. In the preliminary studies 
of source behavior, the source, vacuum system, fluid feed system and 
detectors were designed so that any one of the individual components 
could be readily altered without requiring major modifications to the 
remaining system components. This chapter outlines the physical lay- 
out of the test bench apparatus, while the results obtained using the 
test bench systems are described in the next chapter. 

Figure 8 is a schematic diagram of the test bench apparatus. The 


various components are discussed in the remainder of this chapter. 


5.2 Vacuum System 


The experimental chamber is in the shape of a cross, made of six- 
inch diameter Corning Pyrex glass pipe. Adjacent to this cross is a 
manifold containing a six-inch diameter flat valve, liquid nitrogen 
trap, chevron baffle (not cooled in this application), and ports for 
air inlet valves, roughing line and vacuum gauges. The pump assembly 
consists of a 260 &/sec Welch Model 3102D turbomolecular pump, 8.3 &/ 
sec roughing pump, and the associated cooling and lubrication systems 
necessary for the turbomolecular pump. Use of the turbomolecular pump 


requires a special effort to isolate the pump vibrations from the test 
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chamber, particularly during start-up or shut-down. A six-inch dia- 
meter stainless steel bellows without bellows extenders is inserted 
between the turbomolecular pump and the vacuum manifold. Because no 
bellows extenders can be used, the table supporting the test chamber 
and manifold has to withstand the full vacuum load downward, which is 
the 1800 newtons generated by atmospheric pressure acting on the cross- 
sectional area of the six-inch diameter bellows. The pump itself is 
bolted to the floor to withstand an equal force upward. 

A Consolidated Vacuum Corporation Model GIC-004 thermocouple gauge, 
Model GIC-028-2 ion gauge, and a Model GIC-110C gauge controller 
measure system vacuum pressures. With the ion gauge port adjacent to 
the liquid nitrogen pump, measured vacuum pressures are inevitably 
lower than the actual pressures at the colloid source. After ten hours 
of trapping pumping, measured pressures in the entire system were about 
Sy os 1077 torr, while typical pressures during source operation were 
about 1 x 10° torr. Beam instabilities, corona at the capillary tube 
tip, or fluid outgassing caused pressure bursts measured in the foe 


tore Tanger 


See Experimental Chamber 


The glass cross used as the experimental chamber has three ports 
free for installation of the apparatus. The colloid source (Section 
5.4) is installed on a flange fitted to one horizontal arm of the cross. 

The vertical arm of the cross houses the detector assembly. As 
explained in Chapter 3, much work was done to develop beam detection 
methods. The detector assembly shown in Figure 8 allows simultaneous 


installation of up to three detectors, which are usually chosen to be 
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one electrical detector and two visually reacting detectors. The three 
detectors are mounted on a mechanical feedthrough, so that any detector 
can be positioned to intercept the beam. 

The design of the visual detectors allows the beam spatial distri- 
butions to be observed on the active surface on the side away from the 
incident beam. In order that photographs of the detected beam distri- 
butions can be taken, the arm of the experimental chamber opposite to 
the arm containing the colloid source is sealed with a clear lucite 
flange. Also, this arm of the cross is fitted with a black sleeve to 
prevent light from reflecting into the camera lens. The camera posi- 
tion, which is shown in Figure 8, can be as close as 0.25 m to the 


detector surfaces. 


5.4 Liquid Colloid Source, and Fluid Handling System 


As shown in Figure 8, the colloid source in the test bench is made 
up of an extractor mounted on the experimental chamber flange, a capil- 
lary tube holder to align the capillary in the extractor, and a feed 
tube connecting the capillary to the fluid reservoir. 

Several versions of the source geometry were tried before the 
design shown here was evolved. Problems which were encountered in 
these sources were: 

(a) poor capillary tube alignment, 

(b) high voltage breakdown between the capillary tube holder and the 
extractor, 

(c) poor vacuum seals in the glass feedprube sections, 

(d) glassware breakages due to stressing and vibration. 


The present design eliminates most of these problems. 
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Details of the source are shown in Figure 9. Different extractor 
designs and positions can be tested (see Section 6.5). The capillary 
tube is soldered to a stainless steel cap with eutectic solder. This 
cap is screwed onto the tube holder with teflon tape as a joint seal- 
ant. An O-ring seal joins the tube holder and glass feed tube. 

The fluid used has high electrical conductivity, hence the entire 
body of fluid from the capillary back to the reservoir is at high poten- 
tial during source operation. High voltage insulation is achieved by 
making the entire feed system of glass, from the capillary holder to 
the backing pump manifold. The vacuum feedthrough on the source flange 
is an O-ring squeezed against the glass feed tube. Manipulation of the 
four valves on the fluid reservoir, backing pump and air inlet allows 
the fluid line to be completely evacuated, or the fluid to be forced up 
the feed tube with a given pressure, as measured on the mercury mano- 
meter. Actual fluid pressure at the capillary tip is the manometer 
reading less the glycerol head in the feed tube; the extremely low 


feed rate (v107? 


kg/sec) implies that there is no pressure loss in the 
feed tube and capillary tube. The operating pressures of 5 to 20 cm Hg 
make the glycerol-air interface susceptible to corona and glow dis- 
charge, which cause fluctuations in capillary voltage and electrolyze 
the solution, producing contaminants. A coiled 2 m length of glass 
tubing was inserted between the reservoir and backing pump with no 
significant reduction of the glow discharge. An acceptable solution to 
the problem is to float a 5 mm layer of Dow Corning 704 diffusion pump 


oil on top of the glycerol layer to act as voltage insulation. The oil 


and glycerol are immiscible. 
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aluminum tube type 
extractor, at ground 
potential 


screw cap with 25 mm 
long capillary tube 
soldered into it 


stainless steel 
capillary tube 

holder, at capillary 
potential 


lucite support and 
insulation plate 


a detail of flat type- 
extractor, at ground 
potential 


GIG cag sams ca 0 ot a es eas 


Figure 9: Cross-sectional view of the colloid source. 
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The most serious limitation to this system is that the source can 
not be turned off, then turned on again later, without being dismantled 
and cleaned. The reason for this is as follows. When the source is 
turned off, the feed pressure is removed in order to prevent fluid from 
being squeezed out the capillary tip. This means the fluid in the feed 
line separates into sections of fluid with voids between them. If the 
pressure is returned with no high voltage applied to the capillary, 
droplets are slowly squeezed out the capillary tip. However, if the 
high voltage is applied first, the voids transmit current, causing elec- 
trolysis of the fluid with accompanying fluid contamination. Starting 
with a clean feed tube means that a solid column of fluid can be ate 
up to the capillary holder, then the high voltage can be turned on 


successfully. 


5.5 Time of Flight Apparatus 


Of the various schemes for measuring beam parameters discussed in 
Chapter 3, the current detection time of flight method (Section 3.2) 
was selected for use in the experiments. Briefly, the beam is inter- 
rupted suddenly by grounding the capillary tube by means of an electric 
switch. This switch will be referred to as the ‘capillary voltage 
switch'. Then the decay of beam current intercepted by a plate in 
front of the source is observed on a storage oscilloscope. The oscil- 
loscope is operated in the single sweep, externally triggered, storage 
mode, and is triggered at the instant the capillary potential is 
switched to ground. 

A hydrogen filled thyratron (English Electric Valve Co., type 


5C22) is used as the capillary voltage switch. The tube is rated to 
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withstand 16 kV, and can transmit 0.25 A average current when con- 

ducting. However, voltages up to 20 kV were switched without dif- 

ficulty. The anode voltage of the tube in the conducting state is 
about 300 volts, well below the beam production threshold voltage of 

Ze DeKV s 
Figure 10 is a diagram of the capillary potential switching cir- 

cuit. The 5C22 thyratron is non-conducting for zero volts on the 

grid, and conducts when a positive going grid pulse is applied. The 

grid pulse is generated by transistor Q7 from the 150 V supply. Diode 

Dl protects the transistor from the transient appearing on the tube 

grid when the tube conducts. The .01 uf capacitor and 56 kohm resistor 

(C3 and R9) pick off a signal which triggers the storage oscilloscope, 

as shown in Figure 8. The transistor Q/7 receives its base drive signal 

from one of three sources: 

(a) Switch SW2 can be closed to position ‘'a', which turns Q7 off and 
hence the thyratron is held in the conducting state regardless of 
the position of Switch SW1l. 

(b) With Switch SW2 in position 'b' and Switch SWl in position 'b', 
the train of pulses from the astable multivibrator switches the 
thyratron repetitively. This mode of circuit operation is useful 
for circuit testing. 

(c) With Switch SW2 in position 'b' and Switch SW1l in position 'a', 
the output of the one-shot is used as the driving pulse. Normally 
the thyratron is held in the non-conducting state. When a time of 
flight measurement is desired, the remote push button Switch SW3 
is closed, and the single pulse from the monostable multivibrator 


turns the thyratron on for 15 msec, thus interrupting the beam for 
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that time. The multivibrator circuits are of standard nese 

Figure 11 shows the circuit waveforms. The oscilloscope is trig- 
gered off the firing transient, in order to give the correct starting 
point for the time of flight trace, within 1 usec. The relatively 
slow fall time (10 msec) of the high voltage pulse is caused by the 
thyratron and output circuit capacitance being charged through the 15 
Mohm anode resistor when the thyratron is turned off. 

The transient generated by the thyratron suddenly conducting 
appears on all the ground potential points in the test bench for up 
to five microseconds. For this reason, measurement of the first 5 usec 
of the time of flight current decay curve is perturbed. Thus, for a 
beam of given velocity, the source to detector drift distance has to be 
sufficiently long that the time scale of the beam current decay curve 
is much longer than the 5 Usec perturbation. For the fastest beams 
used in this phase of the study (7 x 10° m/sec), a 0.3 m drift dis- 
tance was adequate. Efforts to eliminate the thyratron switching 
transient by altering the geometries of the ground leads on the test 
bench components were unsuccessful. However, the problem is a minor 
one which does not affect the measurements appreciably. 

As shown in Figure 8, the signals from a segmented electrical 
detector (which is discussed in Section 6.3.2) are fed to a switch box. 
Each of the signal lines coming into the switch box is connected to the 
wiper of a SPDT toggle switch. Thus each component of detected beam 
current can either be connected to the signal output, or be switched 
to ground to bleed off the collected aera The current signal 
selected by the switch box is directed through the detector resistor R 


to ground, while the oscilloscope monitors the voltage generated 
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Capillary Potential Switching Circuit Waveforms. 
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across this resistor. 

The oscilloscope used is a Tektronix Model 549 Storage Oscillo- 
scope with a Model 1A7A preamplifier, which is capable of measuring 
signals in the microvolt range. One useful feature of the preamplifier 
is the adjustable high frequency signal cutoff, which can be used to 
reduce high frequency noise in the preamplifier or detector circuitry. 

Choice of the value of detector resistor R is based on three con- 
siderations. Firstly, R must be much less than the oscilloscope input 
resistance of 1 Mohm. Secondly, R must be large enough that the smal- 
lest beam current to be detected can be seen above the preamplifier 
noise level of about 5 UV peak. Thus for 100 nA beam currents, R must 
be greater than 500 ohms for a signal to noise ratio of 10. Thirdly, 
the time constant of the entire detector circuit, which is determined 
by the resistor R in parallel with the capacitance of the oscilloscope 
input, cables, and detector, must be much less than the fastest time 
constant of the time of flight current decay curve to be observed. 
Since a total capacitance of 1 nf and a current decay curve time con- 
stant of 10 usec are typical, R has to be much less than 10 kohms. 
Therefore R can have values between about 500 ohms and 1 kohm for this 


particular configuration. A value of 1 kohm was usually selected. 


5.6 Photographic Procedure 


A major advantage of the phosphor and liquid crystal types of 
visually reacting beam detector is that the beam distributions dis- 
played on the detectors can be photographed directly from the detectors 
during an experiment. The phosphor screen reacts by emitting green 


light where the beam strikes it, while the liquid crystal screen 
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changes colour (from red through blue) as it is locally heated by the 
kinetic energy of the incident beam. Therefore it was thought desir- 
able to photograph the detectors on 35 mm format colour slides. 

It was found that the lighting conditions during the experiments 
required the fastest possible film speeds. Two types of slide film 
were tried. It was found that, in this particular application, Kodak 
High Speed Daylight Ektachrome (nominal ASA 160) taken and developed 
at ASA 600 gave a more realistic colour rendition than did GAF Ansco- 
chrome 500 film taken and developed at an ASA 1000 rating. The 35 mm 
format pictures were taken with various lens and extension tube combin- 
ations mounted on a Pentax Spotmatic II camera, depending on the eee 
mation to be recorded. 

In addition to the colour slide photography, some results were 
taken using Type 47 Polaroid film (ASA 3000) in a Graflex camera using 
a 135 mm, £/4.7 lens to give black and white photographs. 

Specific details of equipment and exposure times are given with 


each result presented in Chapter 6. 


5.7 Data Recording Methods 


During the course of the test bench experimental program, a great 
many (probably thousands) time of flight measurements were made. 
Early in the program, it was decided that most of the time of flight 
measurement data would be copied by hand from the oscilloscope screen 
onto graph paper in laboratory notebooks rather than use oscilloscope 
cameras to record each measurement. Factors influencing the decision 


were: 
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(a) it was realized that most of the measurements would only be used 
to give a qualitative impression of source behavior and that only 
a few of the measurements would be quantitatively analyzed, 

(b) it would be expensive to photograph a great many measurement 
results, 

(c) the data would be more easily sorted, identified, and classified 
if they were drawn in notebooks than if they were recorded as 
individual photographs, 

(d) it was felt that measurement accuracy would not be unduly sacri- 
ficed, since the largest uncertainty in data extraction was asso- 
ciated with oscilloscope trace width and reading the oscilloscope 
graticule. This uncertainty affected both methods of data re- 
cording equally, 

(e) experiments were done to show that, for randomly chosen cases, the 
two methods gave results within 10% of each other. 

Of course, some time of flight measurement results were recorded on 

film for demonstration purposes. 

The visually reacting detectors were most often used to give a 
subjective interpretation to the beam distributions recorded by the 
segmented electrical detector. For specific experiments investigating 
beam shapes, a complete data set consisted of a time of flight measure- 
ment using all detector rings, measurement of the beam current on each 
detector ring, and 35 mm colour slides of the two visually reacting 


detectors. 
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CHAPTER 6 


TEST BENCH RESULTS 


6.1 Introduction 


This chapter discusses the results and observations taken using 
the test bench colloid source. The overall goal of the experiments 
was to develop the colloid source to a point where focussed, de beams 
with nominal charge to mass ratio between 10 coul/kg and 500 coul/kg 
could be reliably produced. Such a source could then be adapted for 
use in the microparticle accelerator. 

Before the desired level of colloid source operation was achieved, 
much of the work produced results of general interest to colloid source 
understanding but of little specific interest to the research goal. 
Some of these results are presented here with the view to providing 
insight into colloid source operation. In addition, many of these 
results are subjective in nature. The general order of the section 
headings follows the sequence of experiments performed in the labora- 
tory--once suitable colloid beams could be produced, beam detectors 
were developed, then a parametric analysis was performed on beams pro- 
duced by the colloid source. 

Because of the difficulty experienced in achieving absolute 
reproducibility of beam shapes and beam parameters, time of flight and 
beam distribution measurements were taken whenever experimental changes 
were made. This procedure ensured that source behavior was recorded 
throughout each experiment. 

Generally speaking, the colloid beam phenomena observed in the 


present work agreed with those presented in the literature. One 
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pertinent discovery made here is the presence of a region of operating 
parameters within which the dc beam current is focussed much closer to 


the central axis than in any results previously presented. 


6.2 Beam Stability 


On 2laeeneroductiion 

At this point it is useful to reiterate the descriptions of beam 
modes as evidenced by the waveform of the detected beam current. Ina 
"pulse" mode, the beam appears as a periodic series of uniformly shaped 
pulses, with no current being detected between pulses. In the "dc" 
mode, the beam is detected as a constant, uniform current. The pulse 
and de beam modes are called stable if the current waveform re- 
establishes itself after the source has been interrupted by a time of 
flight measurement. All other possible beam current conditions will be 
referred to as unstable beams. One particular example of an extremely 
unstable beam will be called a "current burst". Experimentally it is 
identified as a period of a few seconds in which the beam current 
increases erratically then suddenly falls to zero for a period of a 
few tens of seconds. The current burst is associated with corona and 
glow discharge in the beam close to the capillary tip of the source. 
Such conditions produce many ions in the beam. 

During any given source trial it was found that, if capillary tip 
shape, fluid condition, and vacuum system pressure were suitable, a 
range of fluid feed pressure and capillary potential could usually be 
found where the observed current was at a stable de level. On the 
other hand, types of unstable beams were easily recognized and often 


could be correlated to one or more faulty operating conditions. Beam 
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stability as observed from the waveform of detected current had little 
relation to the beam spatial distribution simultaneously observed. In 
other words, pulse or unstable beams often had the same spatial dis- 
tributions as dc beams. 

Because beam stability was always the most troublesome experi- 
mental problem, the colloid source operating conditions were always 
chosen or varied to try to achieve a stable beam. Once the beam was 


produced, measurements were performed. 


Gn Zee Start-up Procedures 


When fluid was forced out of the capillary tip with the capillary 
tube at extractor potential, the surface tension forces in the fluid 
allowed a large drop (1 to 2 mm dia.) to collect on the tube tip 
before it fell off under the force of gravity. Any smaller drop would 
remain on the capillary tip as the capillary potential was increased 
to about 2.5 kV to 3 kV, then the drop was gently pulled free. Above 
this potential, the pulse mode of beam current usually appeared, and 
the potential could be varied continuously above 3 kV. Because this 
initial large drop often fell on the extractor and severely distorted 
the electric field pattern at the capillary tip, it was found advis- 
able to use an alternative start-up sequence. In this sequence, the 
capillary voltage switch (thyratron) was turned into the 'on' state, 
and the capillary potential then selected on the high voltage power 
supply. The capillary voltage switch was turned 'off' and the oper- 
ating potential applied quickly to the source. Then the feed pressure 
was increased from zero, to force fluid into the feed tube from the 


reservoir. Thus the beam started operation at a desired operating 


=) 


=byeqns snoasidvors son t aqelis naw yaBLidase anos seca *e 
ecentte oxev anoksibnes gadbitersge eotede Motitor ails aoaidorg Kataset 


ew mad oH son). saded pidpta & avelox od x22 oF betsnv'x0° Aonor's 
; : iy 


‘nel a 


7 

gomulmsenS guateue S289 | 

yrabitqas oft Attw gia crusaae aid Yo duc rife he now bielt nodW a | 7 

bivls ony at aanzo% nokoualt gontuue stld iaaseasion roaowiaxs 3a edud YY 

qtt? edwa aly Bo irate’ od Cat ay Sod Dv) qoeb ogzal 8 bowolLe 7 
flucw qovh reitnwe a ‘i bvety to nie? ada tebae 0 {fod at — a 

bestonons saw letinetog yrailiqag ads aa gts yaa eds ao ataees J 


svédh eet bollog yidasy 2tw qoeh wily npdd WH € 0% V4 C- s suede 08 


(nm ARS 


bos ,beseeqqe Yileues Jasin masd Yo obom salug sd? ,Iatisssog oe 
i id 


atid eauncsd Wil G-dveds xtausontanes betgay ed“ bivoo Intjnetaq ods 
besyoeth yiszeves baw 1pSsevaus ed? ao {fet neste qurb agin intake - 
“givba bowed enw 3st yaa wereer gt ta ametdeq bist? siavenls a : 
eit ,eansupoa atig al = ,eonebpes qu-dt4t6 ovtonnxoals aa oan 08 oie 
,oaede ‘qo’ odd otnkt bears ane (aaxsasets) dadiwe resto gute 
sawoq sgurtov dytt of9 mo besaeloe noi Letras oq yaalliqas — i 
=raja os baa "Yt! bemruss ame dadiee aqaalov vant Legas edt elgan 
otumigry Boot odd wadT caonwon mis 03 eivtakop botiqan fa 1901 
oat cou? ode Sn at oat So om ee me 


point rather than being moved to a desired operating point after the 
beam was established. 

It was found that the sharp transitions between types of beam 
current waveform exhibited hysteresis as a function of capillary volt- 
age. In addition, once a certain type of beam was established, it was 
often difficult to initiate the transition to the next beam type as 
capillary potential was raised. The capillary voltage switch proved 
useful here. For example, initial operation at 17.5 kV capillary 
potential and 10 cm Hg feed pressure might produce a pulse mode. 
Stable de current could often be achieved merely by turning the capil- 
lary voltage switch 'on' for about 1 second, then turning it 'off', By 
the same token, this procedure sometimes initiated an unstable beam 


type which was even more difficult to change! 


6.2.3 Beam Modes in a Typical Experiment 


This section contains a qualitative description of the types of 
beam current observed under typical experimental conditions, as capil- 
lary potential or fluid pressure was varied. Usually the greatest 
range of beam types was available by varying capillary voltage at con- 
stant fluid pressure. In Table 9, various beam current modes are 
listed as a function of typical capillary potential between 3 kV and 
20 kV, at an unspecified, suitable, fixed fluid feed pressure. 

The sequence of beam types shown in Table 9 was found experiment- 
ally over a wide range of capillary tube sizes, extractor geometries, 
and fluid solution strengths. In Table 9, there are two capillary 
potential regions--the low capillary potential region between 5 and 8 


kV, and the high capillary potential region between 14 and 20 kV-- 
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which could produce stable de beams. At no time was a continuous dc 
region between 5 to 20 kV found. The high capillary potential region 
is of great interest for two reasons. Firstly, the existence of this 
region has not been previously reported. Secondly, in this region the 
beams are produced with a spatial distribution much closer to the 
central axis than beams produced in the low capillary potential region. 
Both these potential regions are discussed in detail later in this 


chapter. 


Table 9: Beam Current Waveforms, as a Function of Capillary Potential. 


Capillary Observed Comments 
Potential Beam 
Current 
(kV) Waveform 
Jaton> pulse train Pulse width and frequency increase with 


increasing potential. 


Decure stable dc Charge to mass ratio increases through 
the potential range. 


Satovl” dc + pulses Pulses increase in number and randomness. 
At 10 kV, there is high beam current and 
high charge to mass ratio. Some ions 


produced. 
10 to 14 very unstable Appears as many large, overlapping 
beam pulses. No regular patterns observable. 
14 to 16 pulse train May or may not appear. 
teetoeeO stable dc Sudden shift to lower current, lower 


charge to mass ratio. Charge to mass 
ratio and beam current increase slowly 
through the potential range. 


>20 dc + pulses, Tends to repeat instabilities seen in 8 
then unstable to 14 kV region. 


While it was found that variations in capillary potential produced 


predictable variations in beam type, variations in feed pressure had a 
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much less definite effect. Between the limits 2 to 20 cm Hg, the feed 
pressure was usually varied to produce small changes in beam type. 

Only one range of fluid pressure gave a stable de beam. This range of 
perhaps 5 or 10 cm Hg could be located anywhere in the range 2 to 20 

cm Hg. The location of the suitable range varied from one experimental 


trial to the next. 


6.2.4 Unstable Beams 

It was not always possible to produce the types of beam shown in 
Table 9, and the source exhibited various types of instabilities. 
While certain types of unstable beam were caused by more than one 
faulty experimental condition, possible causes could be assigned as 
shown in Table 10. 

It must be emphasized that the two potentially stable operating 
areas, 5 - 8 kV and 14 - 20 kV, exhibited much the same behavior as 
capillary potential was increased through them. Thus in Table 10, 
"voltage too low" might refer to either the 5 kV or 14 kV operating 


point, and "voltage too high" might refer to either 8 kV or 20 kV. 


6.2.5 Capillary Voltage Stability 


For the present experimental arrangement, the only cause of beam 
instability suitable for quantitative investigation was capillary volt- 
age instability. In one experiment, a resistive load was placed across 
the capillary voltage power supply to increase power supply ripple. A 
ripple of 50 V pp on 6 kV dc was reflected by ripple on the observed dc 
beam. Similarly, a 50 V square wave pulse applied to the extractor 
plate (which was normally held at ground potential) could easily be 


seen in the detected beam current. Thus power supply regulation better 
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Table 10: 


Types of Unstable Beam, with Possible Causes of Instability. 


Observed Beam Current 


Single periodic pulse train. 


Two or more periodic pulse trains, 
asynchronous. 


Many overlapping pulses with no 
apparent pattern. Presence of 
ions possible. 


Stable de can be established but 
changes to pulses after some time. 


Stable dc with one or more asyn- 
chronous pulse trains on it. 


dc with many pulses on it. Ions 
probably present. 
de with high ion content. Corona 


in beam at capillary tip. 


Current "bursts" at regular 
periods. Many ions. Very 
unstable beam. 


dc with sharp spikes in it (either 
higher or lower current value) 


Stable de with regular waveform 
superimposed on it, or occasional 
gaps in bean. 


Possible Cause of Instability 


Voltage too low. If pulse height 
increases instead of pulse width 
and frequency as voltage is in- 
creased, source may prefer to 
operate in pulse rather than dc 
mode. Possibly feed pressure too 
low. 


Good de not likely to be found. 
May be rough capillary tube rim 
or gassy fluid. 


Gassy fluid. 


Feed pressure or voltage too low. 


Rough capillary tube rim or 
slightly gassy fluid. 


Gassy fluid, or voltage or feed 
pressure too high. Poor vacuum at 
capillary tip. 


Voltage or feed pressure too high. 
Poor vacuum at capillary tip. 


Very gassy fluid. Most probably 
very bad vacuum at capillary tip. 
This mode tends to spray fluid on 
walls of tube extractor. Usually 
cannot be rectified. 


Electrons hitting source area. 


High voltage supply ripple or 
instability. 
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than about 0.5% was essential. 

An indirect voltage instability inevitably arose when a surge of 
current from the capillary tip (for example an ion burst caused by 
gassy fluid) dropped the capillary voltage due to the large anode 
resistor on the capillary voltage switch. This instability tended to 
protect the colloid source, since lower capillary voltage produced a 
lower beam current. 

With an external 1 uf, 50 kV capacitor across the high voltage 
supply and a 17 Mohm anode resistor on the thyratron, normal power 


supply regulation in these experiments was measured to be 0.03%. 


6.2.6 Particle Charge to Mass Ratios in a Beam 
Containing Both de and Pulse Modes 


Figure 12a is a sketch of the detected beam current waveform for 
a mixed-mode beam upon which several time of flight measurements were 
made. The beam was only slightly unstable, and consisted of two pulse 
trains asynchronously superimposed on a de beam. Four time of flight 
current decay curves sketched from the time of flight measurements are 
shown in Figure 12b. The duration of the time of flight current decay 
curves was at most 160 usec, while the widths of the pulses on the 
current waveform were between 1 msec and 5 msec, hence the time of 
flight measurements were of short duration compared to the beam pulses. 
This observation, together with the fact that the current decay curves 
are of the correct shape, shows that the variations in the shape of the 
measured current decay curves were not a result of the beam current 
instabilities, during or immediately prior to the time of flight 


measurements. 
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(b) Time of Flight Measurement Current Decay Curves 


Figure 12: Time of Flight Measurement Results on a Mixed Mode Colloid 
Beam. Curves a through d in Part (b) of the Figure are the 
Results of Four Measurements on the Beam Current Waveform 
Shown in Part (a). 
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Comparison of the four time of flight measurement curves in Figure 
12b with the current waveform depicted in Figure 12a shows that curves 
c and d were initiated during pulses of beam current, while curves a 
and b were initiated during the dc part of the beam. The two distinct 
changes in slope of the curves c and d reveal that these curves depict 
the superposition of a beam similar in velocity to the beam measured by 
curves a and b, and a beam with much slower velocity. This in turn 
implies that the beam in Figure 12a consisted of a dc beam of higher 
charge to mass ratio particles with two pulsed beams made up of lower 
charge to mass ratio particles superimposed on it. 

For this beam, source conditions were: capillary voltage 13 kV, 
feed pressure 4 cm Hg, fluid doping level 5 g NaI/100 m& glycerol, 
capillary tube #31 (see Section 6.6). The beam spatial distribution 
was constant as a cluster of jets in a cone. Measured nominal charge 
to mass ratios for the four cases in Figure 12b were: curve a, 318 coul/ 
kg; curve b, 293 coul/kg; curve c, 155 coul/kg; and curve d, 71 coul/kg. 
The presence of the two pulse trains superimposed on the dc current was 
probably due to a poor capillary tube rim shape or possibly due to 
slightly gassy fluid. 

This experiment demonstrated that beams consisting of superimposed 
dc and pulse beam modes contain more than one nominal value of charge 
to mass ratio on the particles. Thus, for a narrow, well-defined charge 
to mass ratio distribution in a colloid beam, mixed beam modes cannot 


be tolerated. 


6.2.7 Corona and Sparking at the Capillary Tube Tip 


Corona in the sprayed beam was easily seen in the observed beam 


current as a large unstable increase in beam current, with ions present. 
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The beam usually disappeared for several seconds, then exhibited more 
current bursts. The basic cause for the corona was poor vacuum in the 
capillary tube tip region. The poor vacuum could in turn be caused by 
gassy fluid, high mass flow rate, high voltage, or poor pumping geo- 
metry. During corona the beam tended to become a general spray over a 
cone whose axial half-angle was often greater than 45°, Thus the beam 
could intercept the extractor and cause further problems, such as 
direct sparking and a worsening of the local vacuum pressure. Usually 
once current bursts were observed, no alteration of feed pressure or 
capillary voltage would restore stable beam operation. 

Also, if the beam were allowed to strike a metal surface closer 
than about 2 cm from the capillary tube tip, corona formed in the beam. 
This problem imposed a restraint on the design and positioning of 


apparatus such as biasing electrodes, beam collimators, or detectors. 
6.3 Beam Detectors 


6.3.1 Introduction 

As discussed in Section 3.3, any complete investigation of a col- 
loid source must include an assessment of the spatial distributions of 
the colloid beams produced. Because the segmented electrical detectors 
and point-by-point electrical beam sampling are either inconvenient or 
give incomplete results, some effort in the present work was devoted to 
improving the beam detection system. Sections 6.3.2 to 6.3.4 describe 
development of a segmented electrical detector, and development of the 
two types of visually reacting detector discussed in Section 3.3. Sec- 
tion 6.3.5 compares some results illustrating concurrent use of the 


three beam detectors. 
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6.3.2 Electrical Detectors 

The electrical detectors are constructed as a series of concentric 
aluminum rings mounted with narrow gaps between them. The lucite 
backing plate holding the rings has grooves in it behind each of the 
gaps between the metal rings, in order to prevent accumulated glycerol 
from the beam from shorting out the adjacent rings. An electrical con- 
nection from each ring is passed through a vacuum feedthrough and fed 
to the external switch box. By selecting the detector output using the 
switch box, measurements of beam current incident on any ring or combi- 
nation of rings can be made, as are time of flight measurements. 

For measurements on well focussed or high velocity beams, a four 
ring detector with a flat surface of 0.114 m outer diameter was placed 
0.3 m from the source. The distance from the source to the detector 
rings was 0.3 m for the center ring and 0.305 m for the outermost ring. 
The detector accepted beams up to 11° off axis. 

For meaningful measurements on divergent colloid beams, the detec- 
tor had to measure beams up to 45° off axis. Accordingly, the size of 
the experimental chamber forced the detector to be mounted close to the 
colloid source. To accomplish this, a five-ring detector was machined 
as part of an 0.07 m radius spherical surface, and the source capillary 
tube tip was positioned at the center of curvature to ensure equal 
drift distances for all beam components. The outer edges of the five 
detector rings form half-angles of 5S. San ban 3500: and 45°, with 
respect to the central axis. 

For either detector, the entire detector surface is placed in a 
grounded enclosure and the output signal leads are shielded in order to 


reduce noise pickup. Two planar wire grids are placed directly in 
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front of the detector surface to allow application of a bias voltage 
to control the secondary electrons produced by the beam striking the 
detector surface. The outer screen is grounded to prevent the bias 
voltages from perturbing the electric fields in the experimental 
chamber. The inner screen is insulated from the rest of the detector, 
and was biased negatively by means of an external electrical lead. 
The wire grids are made of 0.076 mm diameter stainless steel wire wound 
on a square grid. The wires are 3.18 mm apart, and the area of the 
wires in each screen was calculated to be 5% of the total screen area. 
In general, the operation of these electrical detectors was satis- 
factory. Two problems were caused by the beam hitting the bias grids 
prior to hitting the detector surface. The first of these occurred 
when an intense jet of the beam intercepted one or more wires of the 
bias grid. Over a period of perhaps 10 minutes a large drop of glycerol 
would collect on the wire. This drop could intercept a significant 
fraction of the total current incident on that particular area, and thus 
cause an error in detected current. The second problem was the scat- 
tering of the beam by the grids. The scattering caused a broadening of 
the true spatial distribution of the beam, and at times appeared to 
contribute a long-duration "tail" on the current decay curve of a time 
of flight measurement. The scattered particles were either original 
beam particles slowed down and deflected, or secondary glycerol parti- 


cles knocked off the grids at low velocity. 


6.3.3 Phosphor Detector 


In order to test the basic concept of the phosphor detector, 
phosphor powder (Sylvania type Pleas was deposited on a piece of 


clean sheet aluminum. The aluminum backing served as a means to bleed 
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off accumulated charge, since the phosphor powder itself is non- 
conducting. The powder was ground using a mortar and pestle, and then 
mixed as a suspension in a large container of water. The aluminum 
detector plate was then placed at the bottom of the water tank, and 
the phosphor allowed to settle to the bottom of the tank (the settling 
process took about 5 to 10 hours, typically). Finally the clear water 
was carefully siphoned out of the tank, and the detector plate left to 
dry. It must be emphasized that the phosphor powder was very lightly 
bonded to the backing plate, so great care had to be taken not to mark 
the phosphor layer both in the drying process and in routine detector 
use. The depth of the phosphor layer was roughly regulated to corres- 
pond to a weight of 5 meyente by weighing the total amount of phosphor 
powder used and calculating the areas of the backing plate and the 
bottom surface of the water container. In their phosphor products 


b/ states that a layer thicker than 5 ney ene absorbs 


catalogue, Sylvania 
too much of the phosphorescent light produced. 

Direct bombardment of the phosphor coating on the detector clearly 
showed the beam spatial distribution. Because of the geometry of the 
experimental chamber, photographs of the surface of this particular 
detector could not be taken. The phosphor layer depth seemed quite 
adequate. 

The next (and final) detector design incorporated a transparent 
backing for the phosphor powder layer. A 6.35 mm thick glass plate 
was covered with a transparent layer of sputtered chromium on one side. 
The chromium layer, which bled off accumulated beam charge, had a 


resistance of about 5 kohm between the center of the glass plate and 


an outer grounded mounting ring. Phosphor was deposited in the manner 
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described above, to about the same thickness. With the optically trans- 
parent backing, the pattern of light generated by the incident beam 
could be viewed from either side of the detector, and photographed 
through the detector backing. 

Two detectors of 0.14 m diameter active surface were made, and 
were used interchangeably. The detector mounts allow beams up to 45° 
off axis to be viewed. 

While the detector can be viewed in dim light, successful photo- 
graphy of the beam spatial distribution requires a darkened room. 
Since the detector shows only the beam spots, a spatial reference for 
the detector was provided during photography of the beam shape by 
briefly flashing two small incandescent lamps placed on the source 
extractor plate, facing the detector and camera. These gave a spot of 
light on each side of the detector plate and also faintly illuminated 
the detector surface. Details of photographic procedures are given 
whenever individual detector results are presented. 

It was found that the phosphor ceased to function once a visible 
deposit of glycerol had collected. Either the built-up layer absorbed 
the momentum of the incoming droplets, or it shielded the crystals 
from the electric fields surrounding the charged droplets, since the 
glycerol solution is conducting. However, if the glycerol on the 
detector was allowed to evaporate, the screen was re-usable. Event- 
ually the NaI from the solution accumulated, the phosphor crystals 


themselves deteriorated, and the phosphor response weakened. 


6.3.4 Liquid Crystal Detector 


All of the liquid crystal materials used in this work were obtained 


from the Edmund Scientific comearaae As explained in Section 3.3.3.3, 
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the conceptual design of each of the liquid crystal detectors used is 
a layer of black plastic (either painted clear plastic or black mylar) 
coated with liquid crystal material. In order to bleed off the accum- 
ulated beam charge, the detectors were mounted against a wire grid, 
and were bombarded from that side. The liquid crystal material was 
illuminated and viewed from the side facing away from the beam. 

The first detector tried was made up from a "kit" containing three 
solutions and some black mylar sheets. Solution mixtures yielded a 
liquid crystal solution which, when painted on the black plastic, dried 
to give a waxy material. Some experimentation yielded a recipe for 
the material which responded visibly to temperature changes near room 
temperature. Tests of this liquid crystal screen showed that the beam 
did contain enough energy to cause visible colour changes in liquid 
crystal material. Problems encountered included: difficulty in repro- 
ducing the liquid crystal characteristics, unevenness of the liquid 
crystal layer thickness which gave different thermal capacity to dif- 
ferent parts of the screen, vulnerability of the exposed liquid crystal 
material to contaminants which changed its colour, contamination from 
the glycerol which penetrated the 0.05 mm thick mylar sheet, and the 
inability to clean the detector. Several attempts to solve these prob- 
lems were unsuccessful. 

The next liquid crystal detector tried was of the same configura- 
tion, but the liquid crystal material was obtained in a prefabricated 
sheet. The sheet consists of a layer of clear mylar, a layer of liquid 
crystal material in the form of encapsulated inert spheres of 20 to 40 
microns diameter, and a layer of black paint. The encapsulation of the 


liquid crystal material makes the screen resistant to solvents and 
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abrasion. In the final configuration, the wire grid used to bleed 
accumulated beam charge off the detector was the same as those used 

on the electrical detector. The liquid crystal detector is 0.108 m in 
diameter, and displays beams up to 37° off axis. The detector has a 
nominal sensitive range of Eee Oma eG. 

Use of the liquid crystal sheets means that the material is viewed 
through the clear plastic layer. In order to prevent reflections from 
the shiny plastic surface, the detector was illuminated at an acute 
angle by fluorescent lamps placed on each side of the glass cross 
forming the experimental chamber. When viewed along the surface normal, 
an even hue was seen on the detector. Care was necessary to mieainace 
the screen uniformly and thus prevent variations in colour due to the 
temperature changes caused by uneven lighting. 

Beam pile-up was a minor problem with this detector, since accum- 
ulated glycerol merely increased the thermal inertia of the detector 
but did not interfere with the basic detection mechanism. The screen 
was cleaned by washing it in distilled water, and was found to with- 
stand many cleaning cycles. Detector deterioration, when it happened, 
was obvious because the even background colour of the liquid crystal 
screen became blotched and mottled, probably as the result of chemical 
changes in the liquid crystal Berean 

The response of the liquid crystal screen was found to closely 
indicate the intensity distribution of the incident beam. The spreading 
of colour outside an intense beam jet was small. Also, the colour pat- 
tern observed agreed closely with the pattern of glycerol deposited on 
the black side of the detector, and with the display on the phosphor 


screen. These correlations are demonstrated in the next section. 
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6.3.5 Operation of Detectors 


This section contains some discussions of the results obtained 
from the three beam detectors for measurements on the same beam. 
Emphasis is placed on the detector, rather than beam, properties. In 
the electrical detector results, ring solid angles have not been fac- 
tored out, hence the currents measured on the outer rings appear over- 
emphasized. Collection of results for the three detectors on one beam 
generally took 10 to 20 minutes, but the beam distribution and current 
did not seem to change significantly during this period. The time was 
required to take photographs and record data; the detectors themselves 
could be used and viewed in a matter of seconds. 

The two cases are presented for comparison of the detectors in 
Figures 13 and 14. Figure 13 is a colour reproduction of the original 
35 mm format colour slides, while Figure 14 shows black and white 
reproductions of the colour slides. The beam was at a stable dc level 
in both cases. The photographs of the entire liquid crystal screen 
were taken with a 50 mm lens with one short entension tube. Exposures 
were typically 1/30 second at £/1.4. Close-up photographs of the liquid 
crystal detector used a 105 mm lens and three extension tubes, with 
typical exposures of 1/2 second at f£/2.8. All photographs of liquid 
crystal detectors shown here have been masked to show the entire 
detector surface but only a portion of the mounting ring. Photographs 
of the phosphor screen were taken with the 50 mm lens at exposures of 
20 seconds at f/1.4. In all cases the capillary tube tip to detector 
drift distance was 0.07 m along the central axis, and the spherical, 
five ring, electrical detector was used to measure beam currents. 


Figure 13 depicts colour photographs of detector results for a 
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well focussed axial beam formed at a capillary potential of 20 kV using 
5 g NaI/100 m& glycerol fluid and a 25 mm long, #27 platinum-iridium 
capillary tube. Fluid feed pressure was 7.8 cm Hg. Figure 13b is a 
close-up photograph of the beam spot on the liquid crystal detector 
shown in Figure 13a. The blue central area, which represents an 
intense beam spot, is surrounded by less intense beam areas which give 
rings of colour from blue to red at the fringe of the beam spot. The 
background of the beam spot is a normal reddish-brown because no 
thermal biasing was used. The bright area on the edge of the screen 
in Figure 13a is glare from the external illumination. The phosphor 
screen of Figure 13c gives more detail in the beam than the liquid 
crystal screen. Figure 13d shows the distribution of detected beam 
current, which totalled 430 nA. The electrical detector shows a well 
focussed beam, in agreement with the visual detectors. The nominal 
charge to mass ratio of 58 coul/kg and the mass flow rate of 7.4 ug/ 
sec were found from time of flight data on the total beam current. 
Figure 14 shows black-and-white photographs of the detector 
results for a beam which is fairly well focussed but off axis, produced 
at 9.4 kV and 7 cm Hg fluid feed pressure. A broad horizontal section 
of the liquid crystal screen has been thermally biased from reddish- 
brown to orange, accounting for the large light coloured area in 
Figure 14a. The detector shows two yellow-green spots, indicating two 
jets of sufficient kinetic energy to heat the screen. The diffuse area 
between the jets, which is reddish-brown in colour, indicates a portion 
of the beam in which the kinetic heating is insufficient to overcome 
the cooling effect of the evaporating glycerol. In this case the phos- 


phor screen in Figure 14b shows less beam detail than the liquid 
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(a) LIQUID CRYSTAL DETECTOR (b) LIQUID CRYSTAL DETECTOR, 
LOSE-UP 
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Figure 13: Colour Photograph Depicting Results Obtained Using 
Phosphor, Liquid Crystal, and Segmented Electrical 
Detectors on One Particular Colloid Beam. 
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Figure 14: Comparison of Results Obtained Using Phosphor, Liquid 
Crystal, and Segmented Electrical Detectors on One 
Particular Colloid Beam. 
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crystal screen. A beam angle of V15° off axis was estimated from the 
visual detectors, which coincides with the maximum detected current 
shown in Figure l4c. The 260 nA beam had a nominal charge to mass 
ratio of 37 coul/kg and a mass flow rate of 7.3 ug/sec. 

Generally, the liquid crystal detector reached a stable colour 
pattern perhaps 15 seconds after the beam was directed on the screen. 
Because the screen returned to a uniform colour when the beam was re- 
moved, and because the screen could be easily cleaned, the colour change 
of the liquid crystals was due to a temperature effect and was not a 
chemical reaction with the NaI-glycerol. 

For the beams shown here, beam pile-up on the phosphor screen 
caused a deadening of detector response after perhaps 20 seconds. In 
order to get good photographs of the detector, the detector was cleaned 
and re-installed immediately after only one type of beam was investi- 
gated. In normal use the detector could be used much longer by moving 
it in front of the beam, and by ignoring the few dead spots on the 
detector surface. 

Figure 15 shows a convincing demonstration of the fidelity of the 
phosphor screen detector. Figure 15a is a photograph of the phosphor- 
escent beam spot in the center of the back-lit screen. The photograph 
required a 40 second exposure on 3000 ASA Polaroid film, using an f/4.7 
Graflex camera. Operational beam parameters were: 13 kV, 12.5 cm Hg, 
2.5 g NaI/100 m& glycerol, #29 stainless steel capillary tube, tube 
type extractor. Measured beam parameters were: 95 nA, 12 coul/kg, 8.1 
ug/sec. Figure 15b is a picture of the same screen after the beam had 
run for 10 minutes, taken in full room light. The clear spot on this 


photograph is glycerol deposited by the beam, and its shape and position 
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(a) Image of Colloid Beam, Showing Phosphorescent Light in the Center 
of the Phosphor Detector. 


(b) The Phosphor Detector of (a) Has Been Photographed in Room Light. 
The Glycerol Deposited on the Detector Shows as a White Spot in 
the Center of the Detector. 


Figure 15: Photographs of a Phosphor Detector, Comparing the Pattern 
of Light Emitted with the Corresponding Pattern of 
Deposited Glycerol. 
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correspond closely to that of the phosphorescent beam spot in Figure l5a. 
While not shown here, it should be noted that the liquid crystal 
screen showed beam intensities just as well as the phosphor screen did 
in the case illustrated in Figure 15. The area warmed by the beam 
agreed closely with the deposited glycerol seen on the black surface of 


the detector. 


6.4 Secondary Particles 


chek Positively Charged Secondary Particles 


In the very early attempts to operate the test bench colloid 
source, it was inadvertently found that the charged glycerol beam pord 
be scattered off the glass walls of the experimental chamber, and be 
detected in the electrical detector. As the experiment progressed, wet 
spots appeared on the glass wall where the beam struck the glass cross 
prior to scattering. The scattering phenomenon occurred throughout the 
experiment, indicating that the scattering took place initially from 
the clean glass surface and later from the spot on the glass wet by the 
incident glycerol. 

It is clear that colloid beam experiments must be designed to min- 
imize the possibility of scattered glycerol particles entering the beam 


detector. 


6.4.2 Secondary Electrons 


The discussion of secondary electrons in Section 2.9 showed that 
a careful investigation of the effects of secondary electrons on colloid 
source operation must be made. Accordingly, tests of secondary electron 


effects were made periodically throughout the present study, whenever 
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major changes to the source or detector geometry were made. The fol- 


lowing is a summary of these results: 


(a) 


(b) 


(c) 


(d) 


(e) 


(f£) 


(g) 


At no time was the secondary electron current a significant part 
of the positive beam current. In other words, beam current and 
time of flight measurements appeared to be independent of bias 
voltages applied to various retarding electrodes. 

Biasing the source extractor or the grid in front of the detector 
did not change stable beams very much, noticeably stabilized 
partly unstable beams, and did not improve unstable beams very 
much. Thus the source could be operated in a stable mode without 
any biasing, and unstable source operation is caused by effects 
other than backstreaming electrons. 

Application of detector grid bias greatly reduced the fluorescence 
of the glass walls of the experimental chamber. This fluorescence 
appeared occasionally during high voltage, high charge to mass 
ratio trials of the colloid source. 

Application of source extractor bias improved beam stability to 
about the same degree as did the detector screen bias, but extrac- 
tor bias did not prevent the secondary electrons from leaving the 
detector surface. 

Tar-like deposits were never seen on the capillary tube tip in 
contrast to observations reported by Huberman and Cohenhee 

The tar-like deposits were seen on the detector surface, partic- 
ularly after an experiment using high capillary voltage or high 
charge to mass ratio beams. 


The production of secondary electrons was much greater if ions 


were present in the colloid beam. 
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During the experiments, the presence of secondary electrons was 
deduced from observations of small, short-term instabilities in the 
detected dc beam current. A reliable indicator of secondary electrons 
was the occurrence of fluorescence on the walls of the glass experi- 
mental chamber. 

It was found to be better and easier to apply a bias of between 
-30 V and -100 V to the detector grid than to bias the source extractor 
to suppress secondary electrons. The threshold of -30 V was chosen by 
observations that evidence of secondary electrons in the experimental 
chamber disappeared for bias voltages more negative than about -25 V. 
Stark and Shermans report that a bias of -22 V was sufficient for 
secondary electron suppression. 

It seemed that fewer secondary electron effects were observed in 
the present work than have been reported in the literature. This 
result was attributed to the fact that beams of much lower charge to 
mass ratio (< 100 coul/kg as opposed to > 1000 coul/kg) have been pro- 
duced in the present study. Also, for beams in these experiments, no 


ions were produced in the colloid source. 


6.5 Source Extractor Experiments 


Two basic types of source extractor plate, which have been shown 
in Figure 9, Chapter 5, were tested. The flat type has a thickness of 
0.8 mm, an inner diameter of 4.75 mm, and the edge of the central hole 
is rounded to a radius of 0.4 mm. The capillary tube tip is positioned 
flush with the outside of the extractor plate. The tube type of ex- 
tractor has the capillary tube positioned along the axis of a tube, 


9.5 mm in diameter and 20.5 mm long. 
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In general, the extractor hole diameter does not have a fundamental 
influence on the source behavior. If the hole is relatively large,the 
capillary can be operated at a higher potential to get the same electric 
field intensity as for a smaller diameter extractor run at a lower 
potential. 

Experimentally the two extractors behaved in a very similar fashion 
for the same source conditions. Where divergent beams were to be 
studied, the flat extractor had to be used so that the beam did not 
strike the extractor. Where axial beams were used, either type of 
extractor was suitable. In fact the choice of the tube extractor dia- 
meter and tube length is somewhat arbitary. The approach taken for the 
design used in these experiments was to select the tube length as 20.5 
mm in order that the electric fields surrounding the capillary tube be 
contained almost completely inside the tube extractor. Then the dia- 
meter was chosen to provide an adequate aperture for the emerging beam. 
The diameter of 9.5 mm used here allows production of beams up to 15° 
offsaxic. 

Sparking from the capillary tube tip to the extractor was never a 
problem for the dimensions used in these experiments. It seemed that, 
when the vacuum pressure in the capillary-extractor region rose enough 
to increase the danger of sparking, beam instabilities appeared first. 
These beam instabilities required suspension of source operation prior 
to any capillary to extractor sparking. 

The advantages of the flat type extractor design are: 

(a) the beam can never collide with ee enna so all shapes of 
beam can be studied, 


(b) it is easier to maintain good vacuum in the capillary tip region. 
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The advantages of the tube type extractor design are: 

(a) the electric field shape at the capillary tip is dependent on 
capillary alignment in the extractor, but not on its axial posi- 
tion, 

(b) the electric field at the capillary tip is well shielded from any 
other potentials or electrodes present in the experimental system, 

(c) the tube type extractor helps shield the capillary tube from 
secondary electrons in the system. 

Wherever possible, the tube type extractor was used for the exper- 
iments described in Chapter 6. The only exceptions were the cases in 


which the results showed widely divergent colloid beams. 


6.6 Capillary Tube Experiments 


A literature search showed that the best microthrust rocket results 
were obtained with platinum or platinum-iridium alloy capillary tubes. 
Stainless steel capillary tubes were reported to show some erosion after 
use in colloid sources. The most commonly used capillary tubes had 
dimensions of about 0.1 mm inner diameter, 0.25 mm outer diameter, and 
had lengths of about 25 mm. It was also repeatedly shown that the shape 
of the capillary tube tip had a strong effect on colloid source 
behaviour. 

Figure 16 shows the most commonly described capillary tip shapes, 
together with some definitions of terms required for the present dis- 
cussion of the tip shapes. The following list of tip shapes mentioned 
in the literature is arranged in an order representing increasing 
colloid beam stability: flat end with sharp Corner aten flat end with 


8,40 BoM), 


rounded corners~ , thin rounded rim formed by an outside taper 
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ee ene inner corner 
Ve ee | outer corner 


(a) flat end style 


rim width 


(b) outer taper style 


included angle 


inner corner 


(c) immer taper style 


Figure 16: Three Different Capillary Tube Tip Shapes Used in Colloid 
Beam Research. 
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thin rim formed by a shallow inside taper (90° included peeey thin 
rim formed by a deep inside taper (<60° included Aiyakepy ned date athe 
Cohen and napermen = attribute erosion of the 90° included angle inner 
tapered tip to the relatively large included angle; they prefer to use 
a 40° included angle. 

In the present work, a variety of capillary tube sizes and tip 
shapes was used. Both #304 stainless steel (hereafter denoted SS) and 
90% platinum-10% iridium alloy (hereafter denoted Pt-Ir) materials were 
used. Table 11 shows the capillary dimensions and materials used, to- 
gether with the AWG number (based on capillary outer diameter) which is 
used to identify capillary tubes throughout this thesis. The capillary 
tubing was obtained from the Hamilton Company, Whittier, California’ ?, 
Table 11: Capillary Tube Dimensions, Materials, and AWG Numbers, 


which are Used in this Thesis as Identification for 
Capillary Sizes. 


AWG Material Nominal Nominal 
Number Outer Diameter Inner Diameter 
(based on O.D.) (mm) (in) (mm) (in) 
#26 ss* 0.46 0.018 0.25 0.010 
#29 SS 0.33 0.013 0.18 0.007 
#31 SS On22 0.010 O.i3 0.005 
#33 SS 0720 0.008 ee KC) 0.004 
#26 Pt-Ir? 0.46 0,018 0.25 0.010 
#27 Pt-Ir 0.41 0.016 0.20 0.008 


er —————————————————————————— 


a #304 stainless steel 
b 90% platinum-10% iridium 

Experiments performed to investigate the effects of varying capil- 
lary tube size show (as expected) that the larger inner diameter tubes 


produced a higher fluid mass flow rate and a correspondingly lower 
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nominal charge to mass ratio in the colloid beam. However, the #26 and 
#27 size capillaries had such a large mass flow rate that it was dif- 
ficult to maintain adequate vacuum in the experimental chamber when the 
source was producing dc beams. Thus the #26 capillaries were not used 
after some initial testing, while #27 capillaries were sometimes used. 
Pt-Ir capillaries of size smaller than #27 could not be purchased from 
the usual eioalianaes As an alternative to purchasing smaller capil- 
laries from another supplier, fluid flow in the #27 Pt-Ir capillaries 
was restricted by inserting a piece of stainless steel wire into the 
bore of each capillary. The wire inserts were either 0.08 mm diameter 
by 20 mm long, or 0.13 mm diameter by 10 mm long. In the present ren 
periments, the best results were obtained with #29, #31, and #27 (with 
wire insert) capillaries. 

As described in Section 5.5, the capillary tubes were soldered 
into stainless steel caps which can be screwed onto the capillary 
holder on the end of the fluid feed line. The 25 mm long capillary 
tubes were soldered to the caps with 4 mm protruding towards the 
extractor, and 21 mm inserted into the feed line. The caps, which 
were kept permanently soldered to the tubes, were convenient for 
holding the capillaries during shaping, cleaning, or storage. 

The problem of shaping the capillary tube tip is a formidable one. 
If the tip is to be formed by accurately machining the capillary tube, 
the machining must be done under a microscope. In addition to the 
problem of close tolerances on the small dimensions involved, the cap- 


‘ ral 
illary tube materials are difficult to machine. Cohen 


described a 
process whereby the capillary tube is forced over a preformed mandrel 


to flare the tip to the desired shape. The excess material is machined 
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off, and the rim then polished. 

In the present work, the various capillary tube tip shapes were 
formed by spinning the capillary tube and support cap in a lathe or 
drill chuck, and using #800 cutting grit and miniature spade drills to 
cut the tube tip. While this method did not produce a closely repro- 
ducible tip shape, it was sufficient to form tip shapes for testing. 

Of the various possible shapes mentioned in the literature (which were 

referred to earlier), only those having an inner taper would produce 

stable de beams when tried in the present experiments. The other tip 
shapes appeared to be unsuitable. 

The tip shape used in all subsequent colloid source experiments 
described in this thesis corresponds to Figure l6c. The included angle 
of the inner taper was 1204 The rim widths were (0.03 + 0.02) mm. 

The outer corner of the rim had a radius of about 0.01 m. This tip 

shape was produced as follows: 

(a) The capillary tube and support cap were spun in a lathe or drill 
chuck, 

(b) Using #800 corundum grit and light machine oil on an aluminum 
backing, the tube tip wasground square and flat. Frequent cleaning 
of the tube with 0.08 mm or 0.12 mm diameter stainless steel wire 
was essential here to prevent the tube from clogging. 

(c) A spade drill of diameter just larger than the capillary outer 
diameter was used to cut the taper to a closely reproducible 
included angle of 120°. The spade drill was hand-held against 
the spinning capillary tube when cutting the taper. The drill was 
held loosely enough that it could be self-centered in the capillary 


tube in spite of the small vibrations of the spinning capillary 
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(f) 


(g) 


(h) 


tube. The taper was cut until the rim width was of the order of 
0.03 mm. 

The burrs on the rim were removed either by cutting with the #800 
grit, or by burnishing the rim on a smooth steel surface. 

The burrs on the inner corner of the taper were removed by running 
a wire down the inner bore of the tube. 

When the tip was of the correct shape, the tube was cleaned by 
forcing reagent-grade methanol through it from a hypodermic 
syringe. 

The wire insert, when one was to be used, was formed in a "U" 
shape. One arm of the "U" was inserted inside the end of the cap- 
illary away from the formed tip, while the other arm of the "U" 
was tack-soldered to the outer surface of the capillary. This 
method ensured the wire insert would stay in position. 


The assembly was cleaned again in methanol. 


Some problems were encountered using this method of tip shaping. The 


#800 grit was not fine enough to produce a polished finish on the tip 


surfaces. (The spade drill, if sharp, left a smooth shiny surface on 


the tapered section.) Burrs left from the drilling were difficult to 


remove. The greatest problem was that in step (b) the end could seldom 


be cut perfectly square to the tube axis, so that after the taper was 


cut, an uneven rim width resulted. 


enough for optimum performance, these capillary tubes worked adequately. 


While the angle of the tapered section is probably not steep 


After some practice and familiarity with the production method, capil- 


lary tips could be made in less than one-half hour each. Repairs or 


improvements to existing tips generally took only a few minutes. 
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Two microscopes were available for inspecting capillary tubes. 

The most useful was a binocular microscope with between 12.5x and 100x 
magnification. The depth of field of this instrument allowed examina- 
tion of the entire tip shape at once. More detailed examination could 
be done with a standard microscope at magnifications of up to 1000x. 

It appeared that when the source was operated in the 3 to 10 kV 
region, the shape and quality of the rim at the tip was quite important. 
On the other hand, at 14 to 20 kV, the shape of the inner corner of the 
taper was more important than the rim shape. This phenomenon is corro- 
borated later by the discussions of capillary tip erosion. 

It is realized that the method of producing capillary tube tip 
shapes gave non-ideal tip shapes. Reproducibility was also a problem. 
However, a better method would have required much more elaborate tooling 
and much more development time. The inconsistencies between successive 
experiments found after quantitative measurements of beam parameters 
(Section 6.9) were quite possibly partly due to variations in the cap- 
illary tube tip shapes used. 

As discussed in Section 4.1, it is possible that electrolysis of 
the working fluid of a colloid source takes place at the capillary tube 
tip. Thus erosion of the tube tip may be expected. When operated 
below 10 kV, SS capillaries showed some erosion of the tapered surface 
and rim, but could be reliably operated for one-half hour or more. In 
this voltage range, Pt-Ir capillaries showed very little erosion. 

When operated between 14 and 20 kV, the SS capillaries eroded severely 
in a matter of 15 minutes or less, while Pt-Ir capillaries lasted sev- 
eral hours. For any voltage or either capillary material, the presence 


of corona in the beam was always associated with heavy erosion on all 
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the surfaces of the tube tips. In the 14to020 kV region, erosion of 
the Pt-Ir capillaries took two forms. If the beam produced was at a 
stable dc level, erosion occurred only on the one-third of the tapered 
surface closest to the inner end of the taper. The corner between the 
inner bore of the capillary and the taper was uniformly rounded off. 
On the other hand, any form of beam instability resulted in an erosion 


pattern uniform over the entire tapered surface. 


6.7 Fluid Experiments 


Early in this work it was discovered that fluid doping levels of 
2.5 to 7.5 g NaI/100 m& glyercol produced beams with sufficiently Tey 
charge to mass ratio. Colloid microthruster applications normally use 
20 to 30 g NaI/100 m& glycerol. This discovery of a suitable NaI- 
glycerol solution strength is the main reason beams with nominal charge 
to mass ratios between 10 and 100 coul/kg were successfully produced. 

No special attempts were made to filter the solutions before use, 
but capillaries of the dimensions used here never clogged because of 
solids in the fluid. Since glycerol is hygroscopic, the fluids, once 
outgassed, had to be kept under vacuum as much as possible. If the 
fluid was exposed to air too often or too long due to source cleaning 
or other experimental changes, it had to be heated and outgassed again. 
The deterioration of fluid condition resulted in a more unstable beam. 
Fluid outgassing at room temperature was a very slow process because of 
the extreme viscosity of the glycerol. The surface raven of fluid 
would outgas well but the main body of fluid would remain contaminated. 
A teflon-coated magnet was often agitated in the fluid reservoir while 


the fluid was under vacuum, in order to aid outgassing by presenting a 
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different part of the fluid to the fluid-vacuum interface. 

Once the solutions were properly outgassed, all the solution 
strengths between 2.5 and 7.5 g NaI/100 m& glycerol produced stable 
beams. The relationship between fluid doping level and beam nominal 
charge to mass ratio is investigated in Section 6.9, the discussion of 


the parametric analysis. 


6.8 Beam Spatial Distributions 


6.8.1 Introduction 

This section describes the results of spatial distribution measure- 
ments on stable dc colloid beams. Information was obtained by observing 
and photographing the beam on the two visually reacting detectors, and 
recording the current per detector ring on the electrical detector. 

As in the beam stability and parametric study discussions, two 
distinct modes of operation were found. The 5 to 10 kV ‘low voltage' 
region produced beams of wider divergence than did the 14 to 20 kV or 


"high voltage" region. 


6.8.2 Low Voltage Region 


Generally speaking, the results in the 5 to 10 kV region agreed 


ae. As voltage was increased through this 


with published results 
region, the beam changed from a few discrete jets scattered on the arc 
of a hollow cone, to many discrete jets on the cone, to a diffuse hollow 
cone. The cone half-angle decreased from about 45° off axis to 20° off 
axis over the same voltage range. 


Figure 17 shows the electrical detector (five ring, spherical 


surface) results for the beam angular distribution as a function of 
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Figure 17: Beam Current Spatial Distribution as a Function of 
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Figure 18: 


Capillary Voltage. Voltage is Shown as a Parameter 
Beside the Various Curves in the Figure. The Results 
are Taken in the Low Voltage Operating Region. 
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Beam Current Spatial Distribution as a Function of Fluid 
Feed Pressure. Pressure is Shown as a Parameter Beside 
the Various Curves in the Figure. The Results are Taken 
in the Low Voltage Operating Region. 
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voltage, at a fixed pressure of 5.2 cm Hg. The beam was always diver- 
gent but the results indicate a trend to increasing current and de- 
creasing divergence as the voltage increases from 3.35 to 9 kV. Note 
that nothing can be said about the shape of the beam hitting a certain 
detector ring--the beam on any ring could have been either a single 
jet, or a complete ring of jets. Here the beam was produced using a 
#29 stainless steel capillary, and 2.5 g NaI/100 m& glycerol fluid. 

Figure 18 displays the complementary case where voltage is fixed 
at 7 kV, while pressure is varied. A trend to more divergent, higher 
current beams was observed with increasing pressure. 

During the many trials performed in these experiments, axial beams 
were observed only twice. However, these beams were not reproducible. 

Figure 19 illustrates clearly the changes in the colloid beam 
spatial distribution as operating voltage is changed. The figure shows 
three beam shapes, for 5, 7, and 9 kV, as they appeared on the phosphor 
detector. Technical details of the beams and photographs are given in 
Table 12, together with the same information for the next case to be 
discussed, Figure 20. Beam currents and nominal charge to mass ratios 
are not available for the cases in Figure 19. In Figure 19b, some of 
the individual jets in the beam appear to be hollow rings on the phos- 
phor screen. This is due to beam pile-up on the detector, which has 
in turn made the phosphor inactive. Figure 19c shows some dark spots 
in the beam pattern, which are also caused by beam pile-up. 

Figure 20 shows a different type of hollow cone beam distribution-- 
one formed of many discrete jets. The photographs of the visually 
reacting detectors were originally taken as 35 mm colour slides, and 


the technical details are shown in Table 12. The liquid crystal screen 
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Table 12: Technical Details For the Results Shown in Figures 19 


and 20. 
Figure Feed Capillary Detector Photographic Estimated Beam 
Number Pressure Voltage Type Exposure Divergence 
(cm Hg) (kV) (sec) (degrees off-axis) 

19a ae 5.0 phosphor 40 36° 

19b 720 7.0 phosphor 15 Bae 

19¢ 720 9.0 phosphor 10 25°,45° 

20a 2.8 10.0 liquid 1/60 20° 

crystal 
20b one 10.0 phosphor 20 20° 


fixed parameters: #27 Pt-Ir capillary 
5 g NaI/100 m& glycerol fluid 
phosphor photographs--50 mm lens,f/1.4 
liquid crystal photographs--50 mm lens 
with one short extension tube, f/1.4 


shows the beam as a yellow colour on the reddish-brown background. 
Thermal biasing was not used. The liquid crystal and phosphor detectors 
corroborate each other very well. It is noted that a higher magnifica- 
tion factor has been used for the liquid crystal photograph. The cur- 
rent distribution on the five-ring spherically shaped electrical detec- 
tor shows a more divergent beam than that indicated in the photographs. 
The beam was estimated to be 20° off axis from the visual detectors, 
while the electrical detector shows it to be about 40° off axis. 

Part of this disagreement in divergence angle is due to the fact 
that the electrical detector ring solid angles have not been taken into 
account, hence the outer rings appear over-emphasized. On the other 
hand, the current on the outer electrical detector rings may be due 
to beam components too diffuse to record on the photographs or beam 


components may be scattered from the electrical detector grids. The 
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Figure 19: Beam Spatial Distribution as a Function of Capillary 
Potential in the Low Voltage Operating Region, as 
Shown on the Phosphor Detector. 
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(c) CONCENTRIC RING CURRENT DETECTOR 


Comparison of Detector Results for the Phosphor, Liquid 
Crystal, and Segmented Electrical Detectors, Showing the 
Spatial Distribution of a Beam in the Low Voltage 
Operating Region. 
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disagreement between the electrical and visual detector results was not 
always observed, so it was probably due to some aspect of this partic- 
ular case. Measured parameters were: beam current 28 vamp, nominal 
charge to mass ratio See coul/kg, and mass flow rate 18.1 ug/sec. 

No significant differences in the beam shapes observed throughout 
the low voltage region experiments were found for variations in capil- 
lary tube size or material, or fluid doping levels (in the range 2.5 to 


7.5 g NaI/100 m& glycerol). 


6.8.3 High Voltage Region 


This section discusses the beam spatial distributions observed 
when the colloid source was operated between 14 and 20 kV. Occasion- 
ally, lower voltages are included to help accentuate trends in beam 
shape as a function of voltage. For all beams discussed here, the 
detected current was at a stable de level as measured on the five-ring 
spherical surface detector. 

The beams produced in the high voltage region were focussed as a 
cluster of jets close to the central axis of the colloid source. While 
the beams did not have the same shape as those in the low voltage 
region, the trends of beam intensity, angular divergence, and number of 
beam jets as a function of capillary voltage were similar. 

Figure 21 shows the beam angular distribution as a function of 
capillary voltage. Fixed source parameters were: 7.4 cm Hg feed pres- 
‘aney #29 SS capillary, and 2.5 g NaI/100 m& glycerol fluid. For the 
cases at 10 kV and 12.5 kV, the visual detectors did not show complete 
hollow cone beams, but showed one or two off-axis jets. 


The effects of varying pressure at fixed voltage are shown in 
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Figure 21: Beam Current Spatial Distribution as a Function of Voltage, 
in the High Voltage Operating Region. Voltage is Shown as 
a Parameter Beside the Various Curves in the Figure. 
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Figure 22: Beam Current Spatial Distribution as a Function of Fluid 
Feed Pressure, in the High Voltage Operating Region. Pres- 
sure is Shown as a Parameter Beside the Various Curves in 


the Figure. 
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Figure 22. The same fluid and capillary as were used in Figure 21 
were operated at 17.5 kV. A useful increase in beam current is 
observed as pressure is increased, with little or no sacrifice of 
beam focus. 

Three photographs illustrating beam shape for various operating 
conditions are shown in Figure 23. Technical details and measurement 
results are given in Table 13. The cluster of jets around the central 
axis is clearly shown in each photograph. The photographs were taken 
during different experiments, so they cannot be directly compared. 
However, these and other experiments show that the beam is well 
focussed over a range of pressures, voltages, and capillary sizes. 

Figure 24 shows a reproduction of the 35 mm colour slides taken 
of a colloid beam incident on the visual detectors. Technical details 
and measurement results are also shown in Table 13. Figure 24a is a 
close-up photograph of the beam spot shown on the liquid crystal 
detector of Figure 24a. The area at the center of the beam spot, 
coloured blue on the original photograph, shows the most intense part 
of the beam. It is surrounded by less intense areas which give rings 
of colour from blue to red at the fringe of the beam spot. The back- 
ground of the screen is a normal reddish-brown because no thermal 
biasing was used. The bright area at the edge of the screen in Figure 
24a is glare from the external illumination. The phosphor screen in 
Figure 24c shows two side jets not visible on the liquid crystal 
detector. The presence of off-axis beam components is confirmed by the 
broad current distribution shown by the electrical detector result in 
Figure 24d. 


It should be noted that the colour photograph in Figure 13 also 
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Figure 24: Spatial Distribution of a Beam Produced in the High Voltage 
Operating Region, as Observed on the Phosphor, Liquid 
Crystal, and Segmented Electrical Detectors. 
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shows detector results for a beam produced in the high voltage oper- 
ating region. In Figure 13 the electrical detector result shows a 
very well focussed beam. 

It will now be demonstrated that the 14 to 20 kV operating poten- 
tial region used in the present study is in fact different from the 
operating regions usually reported in the literature. In one of the 
few experiments using capillary potentials greater than 10 kV, 
wayerence duplicated results obtained with an 0.26 mm outer diameter 
capillary operated at 6 to 8 kV by using an 0.72 mm outer diameter 
capillary operated at 11 to 15 kV. The extractor plate was of the 
flat type and had an aperture diameter of 4.75 mm. Thus higher volt- 
ages with larger capillary tubes gave the same results as the lower 
voltages with the more commonly used capillary tube diameter. 

In the present work, using an extractor of the same style and 
dimensions as that used by Hane rwanaa capillaries of between 0.20 mm 
and 0.46 mm outer diameter were operated at both 5 to 8 kV and 14 
to 20 kV. In addition, the beam properties found for any given 
experiment were quite different in the 5 to 8 kV and 14 to 20 kV 
operating regions. In the 5 to 8 kV region, beam spatial distri- 
butions and charge to mass ratio dependence on the operating parameters 


21,24 50M 


agreed with the results usually quoted in the literature 
is therefore suggested that the 14 to 20 kV operating region is 
different from the usual colloid source operating range, and represents 


an important new aspect of colloid source operation. Quantitative 


results for the two operating ranges are given in Section 6.9. 


6.8.4 Summary 


It became clear as experiments progressed that the low voltage 
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region offered little promise for production of axially focussed col- 
loidal beams. Such beams are required if a colloid source is to be 
installed in the microparticle accelerator. On the other hand, axially 
focussed beams were available for a wide range of voltage and pressure 
variation in the high voltage region. In this latter case, the beams 
were seldom truly axial, but always had an on-axis component. Therefore 
a colloid source operated in the high voltage region produces beams with 
on-axis components suitable for injection into a microparticle acceler- 
ator. If the spatial distribution of a colloid beam with on-axis com- 
ponents is too divergent, the colloid beam can be collimated near the 
source to intercept the divergent beam components. The resulting beam 
can then be introduced into the microparticle accelerator. 

The occurrence of stable on-axis beams in the 14 to 20 kV operating 
region has not been previously reported in the literature. In one of 
the few experiments using capillary voltages greater than 10 kV, 

Ree cnn an showed that beam properties at low voltage could be dupli- 
cated at high voltage by increasing the capillary diameter. However, 

in the present work, using the same capillary tube, beam properties were 
markedly different in the 5 to 8 kV and 14 to 20 kV regions. It is 
suggested that the transition from divergent beams in the 5 to 8 kV 
region to well focussed axial beams in the 14 to 20 kV region represents 


an important new aspect of colloid source operation. 


6.9 Parametric Analysis 


6.9.1 Introduction 


Previously discussed material in this chapter has covered three 


general topics--colloid source stability, beam detectors, and beam 
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spatial distributions. This section describes how the nominal charge 
to mass ratio of colloid beams is affected by changes in the various 
operating and geometrical parameters. Source parameters that were 
varied are: capillary size, extractor type, and fluid doping level. 

For each combination of capillary, extractor, and fluid, the source 
was operated over a range of fluid feed pressure and operating voltage. 
At each operating point, the nominal charge to mass ratio and the mass 
flow rate of the beam were measured from time of flight measurement 
data. For all results presented here, the beams were at a stable dc 
current. 

Since all of the colloid microthruster studies discussed in the 
literature operate in the low voltage region (5 to 10 kV), initial 
stages of this study concentrated on this region. The relatively low 
doping levels of the NaI-glycerol solutions used here (Section 6.7) 
produced the required low charge to mass ratio beams but not the 
desired on-axis beam. The data for the low voltage region presented in 
Section 6.9.2 is somewhat scanty for three reasons: 

(a) the source configuration was still being developed, hence results 
varied widely, 
(b) the work at that stage concentrated on producing a suitable 

spatial distribution rather than good charge to mass ratio results, 
(c) work on this region was stopped as soon as the existence of the 

high voltage operating region was found. 
However, the results are presented in Section 6.9.2 for completeness. 

The high voltage region (14 to 20 kV) is a far more suitable 
operating region for a colloid source intended for use in a micropar- 


ticle accelerator. Some of the advantages of the operating region are: 
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(a) the source is more stable, 

(b) the beams are axially focussed, 

(c) the beams have suitable nominal charge to mass ratio values, 

(d) the range of charge to mass ratios present in the beams is 
narrower, and 

(e) there is a wider range of suitable operating parameters. 

Extensive results for the high voltage region are presented in Section 


6.9.3. 


6.9.2 Results for the Low Voltage Region 


Figure 25 is the parametric plot of colloid source behavior 
obtained using 2.5 g NaI/100 m& glycerol fluid, a #29 SS capillary, and 
the flat type extractor. The axes of the plot are fluid pressure ver- 
sus operating voltage. Points where the source was operated are indi- 
cated on the plot opposite the appropriate pressure and voltage values. 
The value of nominal charge to mass ratio (as found from a time of 
flight measurement) is listed beside each operating point on the plot. 
Two separate measurements of the nominal charge to mass ratio were made 
for the 9 kV, 6.7 cm Hg operating point, and both values are listed. 

Results from two separate experiments are depicted in Figure 25-- 
in one, voltage was varied at a fixed pressure of 6.7 cm Hg and in the 
other, pressure was varied at a fixed voltage of 7 kV. Im the constant 
pressure experiment, the voltage was varied continuously from 3.3 kV to 
10 kV but measurements were made only at five different points in this 
voltage range. The beam operated stably throughout the voltage range. 
In the constant voltage experiment, pressure was varied continuously 


from 2.6 cm Hg to 19.8 cm Hg but only three measurements were made in 


at99 90784 snanasqe thaiehin 6s antes 3 aE OY 

notice? at betnseetq Ors morale a ee teae oS 
ere 

> eh 


yotvarted somon biolleo Io rahe ob 19m Taq eds ak &s ong | 
bie ,yxetitqes 28 O88 o ,btuls forsovlg Am OOL\Tat g &.5 gate ear 
“194 otnaRetg biali s1s aolq, ofd to ata ont «20398 tR8 beth Ss sai odd 
-that sie bogsraqo 2aw So708 od3 szariw etatoT ,ageslov gutzexeqe — 
esulny sgedioy ban stupeszq sti 2qou gg od3 eiiaoggo jolq od a0 oS 
to emia & mere’ base? en) obsat seam 09 sgtadds {sotmon to aviay age 
~tofq etd mm gabine gatsa7aqo fase shtaed besatl at (inem7yense adght® 
ebam sxew oftaz sense 02 ogzad> Inmhaon eft 40 ajnamswessm 93eTSqee out 
pssatl era asulev dzod bra ,ietoq gatinreqo gi mo 1.0 WA e — 70% 
--?S otugtt at betoigeh exn asnoalt9qX9 atoteqoe owt mo? oe 
ada ak use all wo Ci 16 osuaneig bani? a jn boxvev asm ageslov ‘sea 
jnadanos ofa at sid Me sanslow toad a an betsny anv roost. 
od Va €.€ mux? ciavountyaoa hetiav exw sgailoy am? nomi reqee STueeeTE 
aids at agntoq qasze3%th evi? a6 ‘eine sham exe 8209m9 1UR Eom sod WOE 
, 9grto7 ogaatov ox sword guards eidane ecssenetd heal ait aes 


fluid feed 


pressure 
(cm Hg) 


Pigure.25% 


0 Z 4 6 8 10 12 
capillary voltage (kV) 


A Parametric Analysis in the Low Voltage Region, Showing the 
Measured Values of Charge to Mass Ratio in the Beam in coul/ 
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the range. Again, the beam operated stably throughout the pressure 
range. The two experiments should have, in principle, given the same 
nominal charge to mass ratio at the 7 kV, 6.7 cm Hg operating point. 
Instead, values of 130 coul/kg and 63 coul/kg were found. In spite 

of this lack of reproducibility, the trends of nominal charge to mass 
ratio as functions of pressure and voltage are consistent with published 
recaca ae 

Because the beams in this low voltage region were always off-axis 
and usually asymmetric, an attempt was made to measure the nominal 
charge to mass ratio of the beam hitting each of the five electrical 
detector rings. Significant differences in measured charge to mass 
ratio were usually found. For example, the charge to mass ratio in one 
trial was 58 coul/kg on one ring, 34 coul/kg on an adjacent ring, and 
49 coul/kg for the whole detector. However, consistent trends in these 
differences could not be found. 

A time of flight current decay curve typical to the low voltage 
region is shown in Figure 26a. The measurement is the 6.7 cm Hg, 9 kV 
point in Figure 25. The stable dc level is drawn on the figure, which 
has been copied by hand from the oscilloscope screen to graph paper. 
The perturbation during the first five microseconds of the current 
decay curve is the transient induced at the detector by the switching 
of the thyratron used as the capillary voltage switch. In Figure 26b, 
the curve is the normalized differential of the current decay curve of 
Figure 26a, plotted as a function of the time after the measurement was 
initiated. The charge to mass ratio axis in Figure 26b is derived from 
the time scale using equation 3.6. The curve in Figure 26b is then the 


function i(t), defined in equation 3.2, while the curve of Figure 26a 
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(b) Normalized Beam Current as a Function 
of Charge to Mass Ratio. 


Figure 26: Results of a Time of Flight Measurement on a Beam in the 
Low Voltage Operating Region. The Figure Shows the 
Detected Current Waveforms, and the Associated Normalized 


Current Versus Charge to Mass Ratio Curve. 
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is I(t), the measured current decay curve. Therefore, Figure 26b gives 
the relative current contributed to the beam by particles having a 
certain charge to mass ratio, but the curve says nothing about the 
numbers of particles having a certain charge to mass ratio. The rather 
broad distribution of current over charge to mass ratio in Figure 26b 
was typical of the results obtained in the low voltage region. The time 
of flight curve in Figure 26a is similar to those reported in the liter- 
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ature ° 


6.9.3 Results for the High Voltage Region 


Since the results reported in this section formed the basis for 
the decision to proceed with development of a microparticle accelerator 
source, the parametric analysis done here was much more complete than 
was the analysis of the low voltage region. In addition, the results 
seemed to be much easier to obtain than in the low voltage region. 

Table 14 lists the data associated with the parametric analysis results 
given in Figures 27 to 34. For all experiments the electrical detector 
was the 0.07 m radius spherical surface with five concentric rings. 

A total of eight parametric plots are presented here, each one 
illustrating source behavior for a different capillary size, extractor 
type, or fluid doping level. The plot axes are fluid pressure and oper- 
ating voltage. On each plot,a dashed line encloses the pressure-voltage 
region for which stable dc beams were produced. Pressure and voltage 
could be continuously varied anywhere within the operating region to 
give continuously varying values of mass flow rate and nominal charge 
to mass ratio in the beam. The source was not operated outside an 


arbitrarily chosen pressure range of 2 cm Hg and 18 cm Hg. The voltage 
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range for source operation was restricted either by the range over 


which stable dec beams could be produced or by arbitrarily chosen limits 
OLE loekVelo euUlKVe 


Table 14: Source Parameters for the High Voltage Region Parametric 
Analyses Shown in Figures 27 to 34. 
Sos eee keine <li ite hn ale ee RE, tele a Sol, eae eal, La nial 


Figure Capillary Capillary Fluid 
Number Size Material Doping Level 
(g NaI/100 m& 
glycerol) 
ay #33 ss 2.5 
28 #29 ss Ze) 
29 #29 ss 550 
30 #27 Pt-Ir Ze 
31 #27 Pt-Ir TAS) 
32 #27 We Pt-Ir 28S 
33 #27 we Pt-Ir 5.0 
34 #27 We Pt-Ir 7.5 


a) stainless steel wire insert, 0.08 mm diameter, 19 mm long. 


Time of flight measurements were made at various discrete points 
within the operating region. Each measurement point is indicated on 
the parametric plots, and the measured values of nominal charge to mass 
ratio are indicated beside each measurement point. Multiple nominal 
charge to mass ratio values beside a given point are the results of 
either successive measurements during one experiment or measurements 
from different experiments. The average value of nominal charge to 
mass ratio over these values is included, in parentheses. Non- 
reproducibility between measurements is evident, however the trends in 
nominal charge to mass ratio as a function of pressure and voltage were 
repeatable. Thus the average values of nominal charge to mass ratio 


over the various measurements made were quite consistent, and were 
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Figure 27: Results of a Parametric Analysis of Colloid Source 
Behaviour in the High Voltage Operating Region. 
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Figure 28: Results of a Parametric Analysis of Colloid Source Behaviour 
in the High Voltage Operating Region. 
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Figure 29: Results of a Parametric Analysis of Colloid Source Behaviour 
in the High Voltage Operating Region. 
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Figure 30: Results of a Parametric Analysis of Colloid Source 
Behaviour in the High Voltage Operating Region. 
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Results of a Parametric Analysis of Colloid Source Behaviour 
in the High Voltage Operating Region. 
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Results of a Parametric Analysis of Colloid Source Behaviour 
in the High Voltage Operating Region. 
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Figure 33: Results of a Parametric Analysis of Colloid Source Behaviour 
in the High Voltage Operating Region. 
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Figure 34: Results of a Parametric Analysis of Colloid Source Behaviour 
in the High Voltage Operating Region. 
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useful as indicators of the probable value of nominal charge to mass 
ratio to be achieved at a given operating point. 

Also shown on the parametric plots are lines representing the loci 
of points which would give the same nominal charge to mass ratio value. 
The curves have been drawn from the average values of nominal charge to 
mass ratio shown on the plots, so are subject to both the experimental 
uncertainty of the measured points and the uncertainty caused by inter- 
polating between the measured nominal charge to mass ratio values. 

The following is a discussion of the observations made by examina- 
tion of the eight parametric plots. Operating parameters for each plot 
have been given in Table 14, and will not be repeated during the sub- 
sequent discussion. 

It can be seen that the shapes of the contours of equal nominal 
charge to mass ratio value are consistent. The contours show that a 
high pressure-low voltage operating point gives the lowest charge to 
mass ratio values, while a low pressure-high voltage operating point 
gives the highest charge to mass ratio values. 

The problem of reproducibility is best illustrated in Figure 28, 
which gives the parametric results using a #29 SS capillary tube. At 
any operating point, the highest nominal charge to mass ratio value is 
typically 1.5 to 4 times the lowest value. The reproducibility obtained 
with Pt-Ir capillaries seems to be somewhat better, as illustrated in 
Figure 31. 

Figures 27 and 28 compare results for two different capillary tube 
sizes. As expected, the smaller capillary produced higher nominal 
charge to mass ratio values. No significant difference in the size of 


the operating region can be seen. 
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The effect of varying the fluid doping level is shown in Figures 
28 and 29. The 5 g NaI/100 m& glycerol solution gave charge to mass 
ratios about twice those given by the 2.5 g NaI/100 m& glycerol solu- 
tion. The unusally shaped contours of equal charge to mass ratio in 
Figure 29 are the result of the reproducibility problems. 

Figures 30 to 34 are results for Pt-Ir capillary tubes. Figures 
30 and 31 show that stability problems were encountered with the #27 
capillary size for two fluid doping levels, probably because of the high 
mass flow rates involved. 

Figures 31 to 34 are important, since they represent results for 
the capillary chosen for use in the accelerator source. This capillary 
#27 Pt-Ir, had a 20 mm long section of 0.08 mm diameter stainless steel 
wire inserted into its 25 mm length in order to impede solution flow 
somewhat. The figures show that stability problems were encountered 
only for the lowest fluid doping level, 2.5 g NaI/100 m& glyercol. Pre- 
sumably use of a larger diameter insert wire would increase the charge 
to mass ratios available, and aid beam stability. The trend in nominal 
charge to mass ratio with fluid doping level shows a significant rise 
between 2.5 and 5.0 g NaI/100 m& glycerol solutions, and a decrease 
between the 5.0 and 7.5 g NaI/100 m& glyercol solutions. This anomaly 
illustrates the problems in reproducibility. 

Some ancillary experiments were conducted during these trials. The 
problem of nominal charge to mass ratio consistency as a function of 
time in one experimental trial was investigated by taking twelve time 
of flight measurements during a time rs of 20 minutes. Beam para- 
meters were: 7.5 cm Hg, 15 kV, 2.5 g NaI/100 m& glycerol, #29 SS capil- 


lary. These parameters correspond to a case in Figure 28. No 
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correlation between measured nominal charge to mass ratio and time was 
discerned. Analysis of the data produced the following values: average 
of nominal charge to mass ratios--34.7 coul/kg; standard deviation in 
nominal charge to mass ratio--4.2 coul/kg; maximum value observed-- 
43.2 coul/kg; minimum value observed--28.3 coul/kg. As indicated 
earlier, it appeared that variations in nominal charge to mass ratio 
with the Pt-Ir capillaries were less than the above values. The 
standard deviation of 4.2 coul/kg, representing an experimental 
uncertainty of 12% in the average value of 34.7 coul/kg, includes errors 
due to beam recording and data analysis as well as any inherent changes 
in the beam. A given time of flight data curve could be analyzed twice 
to give results within 2%, so most of the uncertainty is due to experi- 
mental problems or beam changes. 

Generally speaking, the time of flight curves obtained throughout 
these experiments showed a suitably narrow range of charge to mass 
ratio values present in the beam produced. A trend towards broader 
charge to mass ratio distributions was observed as capillary voltage 
was increased. 

Table 15 lists the parameters for three measured time of flight 
current decay curves and their corresponding calculated charge to mass 
ratio distributions. One of the time of flight curves is a photograph 
of the storage oscilloscope trace (Figure 35), while two of the curves 
are hand-drawn (Figures 36 and 37). No significant difference in the 
width of the charge to mass ratio distribution was observed between the 
various capillary tubes tried. At the lower end of the voltage oper- 
ating range, these widths were typically over a factor of 5 in charge 


to mass ratio, while at the highest voltages the width was about a 
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decade in charge to mass ratio. The distributions, while fairly syn- 
metric as a function of time of flight measurement time, were heavily 
skewed towards the lower values on the charge to mass ratio scales. 
Table 15: Experimental Parameters for Time of Flight Measurement 


Results Shown in Figures 35 to 37. 
ee oe re 


Figure Capillary Fluid Feed Capillary Nominal Figure in 
Number Pressure Voltage Charge to Parametric 
(g Nal/ Mass Analysis 
100 m& Ratio Series 
glycerol) (cm Hg) (kV) (coul/kg) 
25) #29, SS 1 oe) 17.4 20 56. 29 
36 #27 W, 5 18. 13 at 33 
Pc-Ir 
37 #27 W, o) Bd. 20 a2. 33 
Pt=Ir 


Complete data for the time of flight measurements shown in Figures 
36 and 37 are given in Table 16 as a matter of interest. Table 16 
lists values of all the parameters that can be calculated from the time 
of flight measurements. It can be seen that the thrust and specific 
impulse of the beam are not high enough to be interesting in micro- 
thrust rocket applications, because of the deliberately chosen low 
charge to mass ratios. The results for the three different calculations 
of beam charge to mass ratio (nominal value, mass flow rate averaged 
value, and root mean square mass flow rate averaged value) show that 
for the narrow charge to mass distribution in Figure 36, the three 
values of charge to mass ratio are the same. For the case showing the 
very asymmetric and broad charge to mass distribution in Figure 37, the 
nominal value was 15% lower than the mass flow rate averaged value. 
This difference is probably just outside the error limits on the mass 


flow rate averaged charge to mass ratio found in the time of flight 
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(a) Photograph of the Detected Current Waveforms. 
Vertical Scale = 200 nA/div, Horizontal Scale 
= 20 usec/div. 
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(b) Normalized Beam Current as a Function of Charge 
to Mass Ratio. 


Figure 35: Results of a Time of Flight Measurement on a Beam in the 
High Voltage Operating Region. The Figure Shows the 
Detected Current Waveforms, and the Associated Normalized 
Current Versus Charge to Mass Ratio Curve, 
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(a) Detected Current Waveforms. 
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(b) Normalized Beam Current as a Function of Charge to 
Mass Ratio. 


Figure 36: Results of a Time of Flight Measurement of a Beam in the 
High Voltage Operating Region. The Figure Shows the Detected 
Current Waveforms, and the Associated Normalized Current 
Versus Charge to Mass Ratio Curve. 
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(a) Detected Current Waveforms. 
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(b) Normalized Beam Current as a Function of 
Charge to Mass Ratio. 


Figure 37: Results of a Time of Flight Measurement of a Beam in the 
High Voltage Operating Region. The Figure Shows the 
Detected Current Waveforms, and the Associated Normalized 
Current Versus Charge to Mass Ratio Curve. 
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Table 16: Time of Flight Measurement Results for the Measurements 
Shown in Figures 36 and 37. 


Parameter Parameter Value Units 
Derived from 


Figure 36 Figure 37 


Average charge to mass ratio® 17.1 Siaz coul/kg 
S.M.R. charge to mass ratio? 27.0 79.0 coul/kg 
Nominal charge to mass ratio® LRA 522 coul/kg 
Charge distribution efficiency 99.4 90.5 vA 

Beam current 100. 140. nA 
Average cae On67 1.87 km/sec 
Mass flow rate 5.86 1.61 ug/sec 
Thrust 3.89 2.85 LUnewtons 
Specific impulse 67.8 1315 sec 


a mass flow rate averaged charge to mass ratio, Table 4 

b square mean root mass flow rate averaged charge to mass ratio, 
Table 4 

c charge to mass ratio at maximum current, Section 3.2 

d based on (a) above. 

measurement (see Section 6.10.4). Thus, for purposes of the micro- 

particle accelerator, the three different methods of calculating the 


measured charge to mass ratio of the beam describe the beam equally 


well. 


Ga L0 Experimental Sources of Inconsistency, Uncertainty, and Error 


OeLO eo ce OGUCU LON 
It was generally found that experiments could not be reproduced 
consistently. For instance, the parametric plot Figure 28 showed a 


factor of typically 2 and up to 4 between charge to mass ratio values 
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measured during different experiments at the same operating point. In 
Section 6.9.3 it was shown that, for twelve consecutive time of flight 
measurements on one beam, a standard deviation of 12% and a maximum 
deviation from the mean of 25% were found for measured charge to mass 
ratios. It must be emphasized, however, that the trends in source 
behaviour were generally self-consistent and also consistent with the 
results reported in the irecarunesn. Because of the great variation 
in measured charge to mass ratios, it became essential that time of 
flight measurements be taken often during each experiment. Thus shifts 
in the beam parameters would be known and could be used to rationalize 
the colloid source behaviour and properties. 

The possible sources of inconsistency, uncertainty and error have 
been divided into two sections. The first section outlines experimental 
problems, but has no numerical estimate of the magnitudes of the un- 
certainties of errors. The second section discusses the time of flight 
measurement method, and includes a detailed error analysis for the time 


of flight measurement results. 


On LOZ Experimental Problems 


In the series of colloid source experiments performed, it was found 
to be relatively easy to reproduce beam stability and beam spatial dis- 
tributions for the given peeracing conditions. However, the corres- 
ponding measured charge to mass ratio values differed by up to a factor 
of four. Thus the discussion of experimental problems is concentrated 
on effects influencing the beam charge to mass ratio. These effects can 
be grouped into factors influencing mass flow rate, resistivity, and 


capillary tube tip shape. 
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Generally, an increase in mass flow rate lowers the charge to mass 
ratio of the resulting beam. Parameters affecting the fluid mass flow 
rate include fluid viscosity and capillary tube size. Fluid viscosity 
decreases rapidly as temperature increases--data by fides show that 
the viscosity of glycerol decreases 50% over a temperature range of 20°c 
to 23°C. In the present experiments, the temperature was neither 
monitored, recorded, nor controlled, so fluid viscosity could change 
appreciably during or between experiments. Any heat created in the 
particle charging process would tend to heat the capillary tube tip. 
Corona in the beam has been observed to heat the capillary tip red-hot, 
which would locally decrease the fluid viscosity, and increase the eyes 
all source temperature. Mass flow rate changes would result. Varia- 
tions in the capillary tube bore between different sections of tubing 
would influence the mass flow rate. The presence of dirt or burrs on 
the tube wall would have the same result. 

Factors affecting fluid resistivity were temperature, contaminants, 
and changes in fluid-doping agent concentrations. The strong tempera- 
ture dependence of resistivity (it decreases 28% over the temperature 
range 20°C to 23°C) has been demonstrated in Section 4.3. The factors 
affecting fluid temperature are mentioned above. Contaminants in the 
fluid would change fluid resistivity, hence beam stability, spatial 
distribution, and charge to mass ratio. Changes in fluid concentration 
should occur only if glycerol were evaporated from the solution during 
a long period of storage under vacuum. 

It should be noted that the effects of temperature on the mass 
flow rate and on the fluid resistivity are in such a direction that the 


effects partly (or completely) cancel each other when the overall 
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effect of temperature on charge to mass ratio is considered. The 
cancellation occurs because a rise in temperature lowers viscosity 
(which lowers the charge to mass ratio) and lowers resistivity (which 
increases the charge to mass ratio). 

The precise effect of capillary tube tip shape on charge to mass 
ratio and beam distribution was not measured. However, since the tip 
shape is known to strongly influence beam stability, it is probable 
that minor changes in the tip shape would influence the parameters of 
the beam produced. Capillary tip erosion has been observed to change 
the tip shape significantly during a period of 15 minutes or more, 
which would prevent reproducibility of results. If the fluid were 
contaminated with particulate matter, the capillary might be either 
partially plugged (changing the mass flow rate) or the particles might 
migrate to the capillary tube tip and perturb the fluid flow pattern 
there. 

If the vacuum pressure at the capillary tip varied during a trial, 


some changes in beam stability might be observed. 


6.10.3 Factors Influencing the Accuracy of Time 
of Flight Measurement Results 


The factors to be discussed in this section have been divided into 
two types--qualitative, and quantitative. The qualitative effects are 
associated with experimental procedures and it is difficult to assign 
numerical error estimates to them. 

The effects of secondary particle production were not significant 
in this work, as shown by experiments penirned to test both beam cur- 
rent levels and time of flight measurement results. The presence of 


bias grids in front of the electrical detector caused additional 
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problems, such as: some beam was intercepted on the grids, secondary 
particles may have been created on the grids, beam may have been par- 
tially or completely neutralized at the grids prior to hitting the 
detector, and beam could have been scattered from the grids. These 
effects would all tend to broaden the beam spatial distribution as 
observed on the electrical detector, broaden the range of charge to 
mass ratios measured in the beam, and cause straggling of particles at 
the falling edge of the time of flight current traces. Beam scattering 
from other parts of the experimental chamber was observed during the 
early stages of this work and caused many such problems. 

The presence of ions in the particle beam was easily noted if a 
careful measurement of the de current level was made immediately prior 
to initiating a time of flight measurement. The time of transit of the 
ions is much smaller than for the main part of the beam so the ions 
appear as a drop in the time of flight current trace immediately after 
initiating the measurement. 

Beam current instabilities during a time of flight measurement 
could usually be seen to produce an unusually shaped current trace, 
hence the data could be rejected. Instabilities in the nominal charge 
to mass ratio at constant beam currents could not be detected except as 
variations in a sequence of time of flight measurements. 

The problems of beam energy losses may or may not affect the time 
of flight measurements. Basically the time of flight method measures 
charge at the detector, and uses the potential of the capillary in the 
calculations. Any energy lost in the particle creation process tends 
to reduce the effective initial potential of the particles, thus causing 


errors. As discussed in Section 2.7.3, the effective potential loss may 
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be about 400 volts, or 2.3% of 17.5 kV. This error is such as to yield 
high values of calculated charge to mass ratio. 

As mentioned before (Section 3.2), the time of flight method uses 
capillary tube potential, detected beam current, and beam velocity to 
find the beam parameters. Since particle velocity is established in 
the electric field of the capillary tip region, subsequent changes in 
particle mass or charge cannot change it. Therefore the time of flight 
method gives particle charge to mass ratio as it existed at the source. 
Thus mass loss from particles in-flight does not influence the time of 
flight measurements. If any charge loss takes place uniformly over all 
particles in the beam, the detected current will be decreased, the | 
shape of the time of flight curve is not altered, and the time of flight 
method does in fact give particle charge to mass ratios as they existed 
in the source. If any charge loss affects certain particles more than 
others, errors will appear in the time of flight method because the 
time of flight curve is altered in shape and magnitude. 

Most of the error that can be numerically estimated in the time of 
flight method arises in recording and analyzing the time of flight 
curves. Table 17 lists these errors, their probable values, and 
whether or not they affect the three parameters beam current, mass flow 
rate, and nominal charge to mass ratio. Two separate estimates of 
error for nominal charge to mass ratio are included--one for an absolute 
measurement, and the second for comparison of two successive measure- 
ments On the same beam at the same operating conditions for the same 
nominal charge to mass ratio. 

Inspection of definitions in Section 3.2 reveals that while mass 


flow rate depends on the absolute value of beam current, nominal charge 
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Table 17: Sources of Errors in Time of Flight Measurements. 


Description Value This Error Affects 
Beam Mass Absolute Relative 
Current Flow Charge to Charge to 
(+) Rate Mass Ratio Mass Ratio 
vertical amplifier 3% see X - . 
calibration 
oscilloscope time 3% : X x : 


base calibration 


detector resistor ihr X Xx : : 
value 

noise due to bean, nah (abhi ge xX xX xX xX 
amplifier, and or 52% 

interference 

data extraction 2, OS) div, X Xx X xX 
error or 3% 

numerical integra- 1% ° xX . : 
tion 

drift distance 4% . xX xX . 
capillary voltage 52 : xX xX : 
absolute sum total 12 25 20 8 
(%) 

root mean square ri 10 9 6 


totalsi(Z) 


a X indicates yes, . indicates no. 


to mass ratio does not. Thus evaluation of errors in the current trace 
integral necessary to calculate mass flow rate caused by errors in the 
bapdvtdnh uavodtis o6 both the shape of the given current trace, and the 
parameter being calculated. For this reason, no comprehensive error 
analysis of the integration procedure has been made. Errors in inte- 
grands are assumed to affect the corresponding integrals by the same 


percentages. In any case, the errors are sufficiently large as to make 
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detailed error analysis somewhat unnecessary. It should be noted that 
the error for drift distance was in fact +2%; a value of +4% was used 
in Table 17 because the square of drift distance occurs in the formulae 
for the parameters being calculated. 

Some experimental precautions were taken to reduce errors in re- 
cording the time of flight curves. It has already been shown (Chapter 
5) that when the thyratron acting as the capillary voltage switch fires, 
a transient propagates through the entire experimental system. The 
transient appearing at the oscilloscope input decays with an RC time 
constant given by the detector, cable, and oscilloscope input circuits. 
Now, in order that the time of flight current decay curve be unambig- 
uously recorded, the decaying portion of the curve must be temporally 
separated from the transient. This separation can be accomplished by 
either reducing the time constant of the input circuit or increasing 
the source to detector drift distance (thereby increasing the time taken 
for the current decay curve to fall to zero). High frequency noise was 
suppressed by varying the upper corner frequency of the 1A7A plug-in 
response, using the variable bandwidth feature of the amplifier. A 
compromise had to be reached between a high frequency response to aid 
transient suppression and to allow accurate recording of the time of 
flight trace decay, and a low frequency response to filter out high 
frequency beam, amplifier and interference noise. Typical amplifier 
bandwidths of dc to 100 or 300 kHz were used. Interference due to 60 
Hz mains was minimized, by removing ground loops, to an absolute peak 
to peak value of about 20 uV at the amplifier input, or an equivalent 
detected current interference of less than 20 nA using a 1 kohm 


detector resistor. This value, while being up to 10 percent of the 
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total detected current, was not serious because the duration of a time 
of flight measurement was a maximum of 1% of the 16.6 msec period of 


the 60 Hz interference. 


6.10.4 Discussion of Errors in Experimental Results 


Results such as those in Figure 28 show a factor of up to 4 in 
variation from the lowest-to-highest nominal charge to mass ratio found 
at the same source operating point. Clearly no quantitative judgement 
can be made on this error, but it would seem that the error is not 
unreasonable considering the many possible sources of uncertainty given 
inesections 6.10.2 and 6.10.3. 

An experiment was described in Section 6.9.3 in which 12 consecu- 
tive time of flight measurements, made on the same beam, gave a standard 
deviation of 12% and a maximum deviation of 25% in nominal charge to 
mass ratio. These values are considerably higher than the RSS error of 
6% and maximum error of 9% found in Table 17. Either the beam exhibits 
some true charge to mass instabilities, or pressure and voltage instab- 
ilities occurred, which were not recorded during the experiments. In 
any case the nominal charge to mass ratio is fairly constant, consid- 
ering that the width of the charge to mass ratio distribution covered 


about one decade in value. 
6.11 Comments on Beam Formation 


The general patterns of beambehaviour found here agree with results 
discussed in the literature. Thus it would appear that little addition- 
al light can be shed on the physics of beam formation, based on the 


present results. The existence of the high voltage region is certainly 
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significant to the success of this project, as are the geometry, fluids, 
and operating parameters used. Further work is required, however, to 
elucidate whether or not the existence of the high voltage region is 
peculiar to the broader-than-normal capillary tip shape, or whether it 
is universal for all tip shapes. The erosion of only the inner parts 
of the capillary tip tapered surface may suggest the capillary rim does 
not influence the beam beyond shaping the electric fields at the cap- 
illary tip, and that the capillary behaves as though it had a much 
thinner wall. On a broader view, the beam may be formed in a mass 
flow- or charge flow-limited region, and thus is composed of stable 
particles very close to or very far from, respectively, the Rayleigh 


Criterion limit for charged droplets. 


6.12 Summary 


This study of a colloid source can be considered, with regard to 
possible construction of a colloid source for the microparticle accel- 
erator, to yield several points: 

(a) Stable beams focussed close to the axis can be consistently pro- 
duced. These beams have sufficient on-axis current to permit 
formation of an axial beam by collimation of the complete beam. 

(b) These useful beams can be produced over ranges of operating para- 
meters and source geometries, and thus are not critically dependent 
on any operating Parameter. 

(c) Control of the colloid source requires: 

i) a high voltage "switch" on the capillary potential suitable 

for time of flight measurements and voltage switching, 


ii) variable high voltage supply, 
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iii) variable feed pressure, 
iv) detectors for current measurement and time of flight results, 
and visual detectors for examining beam shape. 
This review of the test bench results shows that an accelerator 
source is feasible. The remainder of this thesis discusses development 


and testing of this source. 
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CHAPTER 7 


A COLLOID SOURCE FOR THE MICROPARTICLE ACCELERATOR 


7.1 Design Criteria 


After the colloid source had been successfully operated in the 
test bench, an analysis of the problems which would be encountered if 
a colloid source were operated in the 300 kV accelerator was made. 

While a complete description of the 300 kV accelerator is given 
in Section 8.1, a brief description of it is included here for conven- 
idence. The high voltage from the 0 to 300 kV dc power supply is applied 
to a large, smoothly contoured "dome", which is supported by an insu- 
lated column. Electrical power within this dome is obtained from a 26 
V, 25 A generator driven by an air motor. This air motor receives com- 
pressed air through an air hose running from ground potential through 
the insulated column to the dome. The high voltage on the dome is 
applied to one of a pair of electrodes, while a second electrode is 
grounded. The electrodes are contained in an evacuated six-inch inner 
diameter glass tube. An evacuated chamber to contain experimental 
apparatus is adjacent to the high voltage electrode. The high voltage 
end of the accelerating tube is supported by the dome. Beyond the 
ground potential electrode are the target chamber and vacuum pumping 
system. 

The first criteria imposed on a possible colloid source are those 
related to the accelerator itself. The source must fit in the avail- 
able chamber in the high voltage dome. Control of the source voltage 


and pressure must be done remotely, at ground potential. Because the 
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source may be at 300 kV while in the dome, the control air pressures 
applied to the dome or the source must use air pressures of at least 1 
atmosphere in order to prevent electrical breakdown and corona in the 
control air lines. Finally, the source must produce an on-axis beam 
which is well collimated in order to prevent particles in the beam from 
hitting electrode surfaces and scattering into the detector. 

Design criteria which arise from the experience obtained operating 
the test bench version of a colloid source are also important. Suit- 
able vacuum pressure at the capillary tube tip is essential. Suppres- 
sion of electrons in the source area is desirable. Again, corona in 
any air control lines must be prevented. Also, it would be desirable 
to be able to restart the colloid source for several experimental 
trials without having to open the vacuum system. 

A concept of the design of a colloid source was formed, based on 
these criteria and the previous experimental results. It was clear 
that, if the source were operated in the high voltage region (i.e. from 
14 kV to 20 kV), axial beams would be available. However, collimation 
of the beam to remove beam components too far off-axis would be neces- 
sary. Because secondary electrons would be produced if the beam were 
intercepted by the collimator, the tube type extractor was used in order 
to help shield the capillary tube tip from secondary electrons. Provi- 
sion for a bias electrode between the capillary tube tip and the col- 
limator was made, in case additional electron suppression would be 
required. The entire source, consisting of collimator, extractor, cap- 
illary tube, and fluid reservoir, was contained within the evacuated 
source chamber in the high voltage electrode, and supported only by the 


source chamber end flange. Thus the entire assembly could be removed 
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in one piece for experimental changes. 

The high voltage required to operate the source was applied to 
the body of the source, fluid reservoir and capillary tube assembly by 
a high voltage vacuum feedthrough on the source chamber and flange. 
Thus the extractor, source support mechanism, air line connections, 
and source chamber and flange were insulated from the source body. 

An analog control pressure greater than one atmosphere was applied 
to the source from a remote control panel at laboratory ground poten- 
tial. This control pressure was converted to the appropriate fluid 
feed pressure within the source itself. 

The design of the colloid source had to incorporate the maximum 
possible flexibility in the variation and selection of the capillary 
voltage and fluid feed pressure. This adaptability was required for 
two reasons. Firstly, the stable dc mode of beam operation is dif- 
ficult to establish, and often much variation of the voltage and pres- 
sure are required to initiate this desired mode of operation. Secondly, 
some variation in the nominal charge to mass ratio of the beam is pos- 
sible through varying the colloid source operating conditions. Accord- 
ingly, the capillary voltage in the accelerator source was controlled 
by a power supply in the accelerator dome (see Section 8.3), and the 
fluid feed pressure was varied by means of an analog control pressure 


and the pressure converter to be described in Section 7.2.1. 


7.2 Mechanical Details of the Colloid Source 


7 heide aL Description of the Pressure Converter 


As mentioned in Section 7.1, an analog control pressure greater 


than or equal to one atmosphere must be applied to the source. 
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However, the fluid feed pressure must be between 0 and 20 cm Hg 
(absolute) in the source itself. In order to reconcile these two pres- 
sure criteria, a pressure converter was designed and built. 

Figure 38 is a schematic diagram of the pressure converter. It 
consists of four chambers and a "Y'"'-shaped piston joining them. If 
chamber C is the fluid reservoir for the colloid source, an equation 
relating the pressure Pe to the remaining pressures, (Po Pi» and Py 
is required. The relationship is found by a force balance on the 


piston, assuming negligible piston friction. Then force rightward = 


force leftward, or 


Aa, - P» = A, (Py - P» a A, - Po) , @ fan) 
After transposing, 
Loma 2 2 
Fc 7 A. tP, (A, f on a? ene - P aa? ; 7.2) 


The following conditions are set arbitrarily: 


and 


rg 
i} 
oO 


The latter condition implies that chamber D is, in fact, open to the 


vacuum system. Then equation 7.2 becomes 


Ay 
P= P,Q - x ba Pie. (7.3) 


Thus there is a linear relationship between the fluid pressure P. and 
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the applied pressure Poe 
The success of this design is critically dependent on the choice 
of seal between the piston heads and the chamber walls. The Bellofram 
Corporation“ markets a type of rolling rubber diaphragm. A cross- 
sectional view of such a diaphragm is shown in Figure 39. The seal is 
made by the rolling convolution and thus shows very low friction to 
piston movement. The diaphragms are made of synthetic fabric impreg- 
nated with nitrile elastomer. The elastomer is moulded so that the 
outer side of the fabric is completely covered, and the inner side of 
the fabric is only partly covered. The fabric visible on the inner 
side of the diaphragm must be on the low pressure side of the seal 


when the diaphragm is folded and installed. Dimensions of the dia- 


phragms chosen for use in the pressure converter are shown in Table 18. 


Table 18: Dimensions of Bellofram Diaphragms Used in the Pressure 


Converter. 
Chamber Piston Cylinder Length Effective 
Identification Diameter Diameter Area 


(in) (em) (an) CG. Cin) (em), (in) (em) 


1519 3.02 Reelesd/wa.49 loi2s 2.840 1.29 98234 
1719 73,02. “Lea, 1£3.49he dei2on @e84— 1.295 78.34 
D Teles ol oUF 63.0619 81.255) 5.157 15581020 


With the given values of piston area, equation 7.3 becomes 


An arbitrary choice of P, = 1 atm results in 


P = 0.80 PL - 1 (pressures in atm) . (7559 
c 
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chamber A 3 chamber B 

pressure Pg 3 pressure Py 
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chamber D 
pressure Pq 
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yoke rigidly connecting 
three sealed pistons 


Figure 38: Schematic Diagram of the Pressure Converter. 


O-ring type seal bonded to the diaphragm 


convolution rolls as 
the piston moves 


Figure 39: Schematic Diagram of a Bellofram Rolling Rubber Diaphragm. 
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For P. less than 1.25 atm the pressure ps is negative. In practical 
terms this means that the piston is held against the rightward mechan- 
ical stop. For Po greater than 1.25 atm, the piston moves leftward 
against the fluid in chamber C until the equilibrium value of Po 
(given by equation 7.5) is reached. 

In summary, then, the converter is inserted into the vacuum 


system to maintain P, at zero pressure, chamber A is vented to atmo- 


d 


spheric pressure, and a control pressure P, greater than 1 atm is 


b 
converted into a pressure Po near zero absolute pressure. This allows 
complete, linear control of the fluid feed pressure Pe by applying the 


analog control pressure P_ from a remote control panel. 


b 


7.2.2 Mechanical Details of the Colloid Source 

This section discusses the realization of the combined pressure 
converter and colloid source. Figure 40 is a longitudinal cross- 
sectional drawing of the device. Mounting hardware used to attach the 
source to the support flange is not shown. Figures 41 and 42 show a 
collection of photographs of the device, in assembled and exploded 
views. Part numbers and part descriptions for Figures 40, 41, and 42 
are given in Table 19. It must be emphasized that the cross-sectional 
view shown in Figure 40 is not cylindrically symmetric--the true shape 
of the colloid source is best shown in Figures 41 and 42. 

The dimensional requirements of the colloid source were fixed by 
the source chamber in the high voltage dome of the accelerator, which 
was 0.15 m in diameter and 0.38 m long. The high voltage electrode at 
the end of the chamber was a tube 34.1 mm inside diameter and 0.09 m 


long. Figure 58, Section 9.3.2, shows the source and electrode 
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Table 19: 


Part Descriptions of the Colloid Source. 


ce SE 


Part Number 


Description 


—_—_—_—_— rr 


1 


2 


collimator, 2.54 mm aperture diameter 
collimator, 3.18 mm aperture diameter 
tube-type extractor and support piece 
electron retarding bias ring 

capillary tube and mounting cap 

lucite support and voltage insulation piece 
port into chamber A 


end plate with fluid feed tube from chamber C, and 
eight clamp rods. 


block containing chambers A and C 
piston between chambers A and B 
diaphragm A 

support plate 

piston assembly 

ball bushing 

block containing chamber B 
support plate 

piston assembly 

diaphragm D 

piston between chambers B and D 
ball bushing 

block containing chamber D 
adjustable piston length extension 
piston stop 


bushing support 
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Table 19: Part Descriptions of the Colloid Source (Continued). 
eee ee a A SE Se Rye Sor ee 


25 port into chamber B 

26 ball bushing 

Li piston assembly 

28 piston between chambers B and C 

29 diaphragm C 

30 source chamber end flange 

31 BNC bulkhead connector for bias voltages 

32 port used for filling chamber C with glycerol 
33 air tube to chamber B 

34 air tube to chamber A 

35 support bracket 

36 high voltage lead and high voltage feedthrough 
O7 lucite support piece 

38 lucite support piece 


geometry. Alignment of the source was achieved by mating grooves on 
the source chamber end flange, and the insertion of the front part of 
the extractor piece (#3) into the electrode tube. 

In the initial design, the extractor piece was a 34 mm diameter 
cylinder which fit completely inside the electrode tube, and the 
source chamber was only 0.315 m long. The extractor was grounded by 
contact with the electrode tube, and the lucite piece (#6) provided 
the necessary high voltage insulation for the body of the source. How- 
ever, when the source was used in the 300 kV accelerator, it was found 
that there was inadequate pumping speed in the capillary tube tip 


region and that high voltage tracking occurred across the lucite 
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(a) Exploded View of the Colloid Source. 


(b) Exploded View of the Colloid Source. 


(c) View of the Colloid Source Support Flange. 


Figure 41: Photographic Views of the Partly Assembled Colloid Source. 
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Figure 42: Photographic Views of the Assembled Colloid Source, 
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insulator (#6). To alleviate this problem the source chamber was 
extended 65 mm to become 0.38 m long, the source was pulled back 65 mn, 
and a new extractor design was made. The final version of the extrac- 
tor is shown in Figure 40 to 42. (Several attempts to modify the ini- 
tial design were unsuccessfully tried prior to changing the source 
chamber geometry.) While Figure 40 shows a cross-section of the 
extractor geometry, it does not show the four 10 mm wide slots cut in 
the extractor to aid the pumping speed in the capillary tube to col- 
limator region. Likewise, the lucite support had pumping holes cut in 
it. These pumping holes are visible in Figure 41. 

The collimators (#1 and #2) allow only the central part of the 
beam to enter the accelerating gap from the source. The first colli- 
mator (#2) removes most of the excess beam. The second collimator (#1) 
restricts the beam to be within 1° of the axis (tan 8 = 0.0175) in the 
geometry shown here. Two pumping holes were cut in each collimator 
disc, and the collimators were mounted 90° apart in rotation so that 
unwanted beam would still be intercepted while gasses could escape from 
the source region into the rest of the vacuum system. The electron 
bias ring (#4) was insulated from the extractor (#3) by nylon screws. | 
A lead from this ring passed through one of the pumping ports in the 
extractor, and then was connected to a BNC bulkhead connector (#31) in 
the source flange (#30) for application of bias voltages. 

The components in the pressure converter and fluid reservoir (#7 
to #28) were machined of aluminum alloy with the exception of two end- 
plates (#8 and #25). O-rings provided the vacuum seals between pieces. 
Necessary dimensional details for the diaphragm supports and mounting 


Je 
pieces were obtained from the Bellofram design manual ~. Three ball 


on) ' 


By ' ed 7 ie - 


mt 
eaw sodaato sane, bead ‘moh 


mn 28 doad be Ltug ow oomeit ; 


« ORE 


nll 
ay dp aa 
-pax13us 97, ie rotesov fpithh id 9 ode a tas spa 
~int odd vatborm oF siqeidta ee nti ‘0 asuath at § 


soruoa a? grigreds, 92 rohag, bast ludersosveny a a ’ 


te nokiooe-enots B ewe the ob sagt etidw (. remo" 


nits 36 
» OF wet ae wore aon waod af eertsmO9g 099873 xo. ad 
-Lan of ade YxehERGe BHD 2%, hoe QR qart queue odd bie of sean os 
ganqaug karl 23uqque eobout aha outwodtt stokgor an. set 7 


Lb. omg, wt afarely aun eelod ginkqnarq Cage 


got guo e2o0le eosw & 


“ Fr 
ill ; 
ok 3ud aetor 


‘tevaneo orfd Yle worth (Sh Bas rh) eovsnabtion af 


a 


“Lifes jeu? oe cme tld warps ane auuswrelasos oid 19308 03 
a 


‘tO sos uMEL Too Grease atih » ened aadoko oii? me Jeu avout (80) 309 m 


LaeWy 
_ 


a abdatw sd of maod ola eset sas x 


ee wsedl ciate col 


eis ick COvLO.0 6 9 nea) etxe aia Yo 


sohsabtitow daaw ab aut sane ealae gerqmng 9 
a pesawon ota erotambttoo od on 20 ral 


: * 
gand om motzatos. HE Pings ge 
Ff 
: 
poe AS | 


sovi sqeces bipea Beateg alee bexqwoss2at od Ifkae ea cages rw 
ll, ; 
go17oele tt dae strony Prey to Jnex aft osnt nokger Perr 0 
1f iis =. ie 
oes oe neler sed ow) WRI IBIZRS 449 @ord hosatvank enw (ND) aa fee a 
eo 


oo m 274 geckqraoy ads to we Agua xd: boanaq gals fires ont b si d 


al (ine) sogemane? tai Lint pe 2 09 berawasso> eae oo i co * 


| ny maneeioy, . ate to notsaattons sof: om 


va) stevionet tit? bs snagewne ia 
~bas ows % aokrynai ¢ -™ ast peitay ut meee 


0 
on ed rel 
1 rat ae 
_ ; 


bushings (#14, #20, and #28) kept the piston aligned and supported while 
exerting a low frictional force on it.The adjustable length extension 
on the piston (#22) could be shortened to allow the piston to be re- 
tracted completely and only partly advanced, or lengthened to allow the 
piston to be only partly retracted and fully advanced. It also provided 
a visual reference for the piston position. 

The source chamber end flange (#30) supported the entire source 
and its pneumatic and electrical connections. A horizontally mounted 
U-shaped bracket (#35) straddled the source body, which in turn was 
supported from the bracket by two lucite pieces (#37 and #38) machined 
to minimize the possibility of high voltage tracking from the source 
body to the support bracket. As mentioned previously, the bias voltage 
for the electron retarding ring was passed through the BNC bulkhead 
connector (#31). The source high voltage was applied through a 20 kV 
ceramic feedthrough (#36). The two air control pressures to chambers 
A and B were connected on the outside of the flange using %-inch 
"Polyflo" fittings. On the inside of the flange, specially machined 
teflon tubes provided the high voltage insulation between the flange 
and the %-inch Swagelok fittings leading to the source. The Swagelok 
fittings on the ports to chambers A and B on the source were connected 
to the Swagelok fittings on the teflon tubes by %-inch copper tubing 
(#33 and #34). A third feedthrough tube (#32) was used only for filling 
the fluid reservoir, chamber C. 

Assembly of the source and pressure converter was straightforward 
provided the components were installed in a certain sequence. Appendix 


B outlines the assembly procedure for the colloid source. 
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7.3 Tests of the Pressure Converter 


7.3.1 Vacuum Leaks and Gas Diffusion 

The diaphragms used in the pressure converter were made of nitrile 
elastomer (butadiene acrylonitrile copolymer) and hence could be 
expected to have a definite rate of gas diffusion through them. Tech- 
nical qecace indicate a rate of 8 x 107° ease Loreaw . mk: area, 
thickness of 1 cm, and pressure differential of 1 atm. Since usual 
applications of these diaphragms use pressures greater than 1 atm, it 
was assumed that the above diffusion rate is to be interpreted as 


9 


Six 10°? ae atm/sec, or 6.1 x 10 ° torr £/sec. Thus for an 0.4 mm 


7 torr aed hems could be 


thick diaphragm, a diffusion rate of 1.5 x 10. 
expected. 

It was found experimentally that the leak rate was of the order 
of Osa torr Weaclaee, in agreement with the manufacturer's specifica- 
tion. Unfortunately this rate was sufficient to cause gas accumulation 
in chamber C, and a noticeable leak into the vacuum system (chamber D). 
The problem was solved by filling chamber B with glycerol to seal the 
diaphragm surfaces from the air. The extra fluid did not cause a sig- 
nificant error in the pressure relationship, equation 7.5. Care was 
taken that, for all piston positions, the glycerol in chamber B was not 
ejected from the chamber B port, since glycerol in the air line would 
cause electrical breakdown from the source body to the end flange. 

A second place where gas diffusion occurred was in the non- 
metallic sections of the air lines leading to chambers A and B (#33 and 
#34). Dielectric sections of air line were necessary to isolate the 


high voltage of the source body from the grounded end flange. After 


several types of plastic tubing were tried in this application 
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(polyethylene, polyvinyl chloride, teflon, tygon), the leak rate through 
the tubing walls was still unacceptably high. The final solution to the 
problem was to machine teflon tubes with a wall thickness of 8 mm. One 
end of each tube had an O-ring seal to the end flange; the other end of 
each tube had a pipe-thread for insertion of a Swagelok fitting. Copper 
tubes led from the teflon tubes to the two air line ports on the source 


itself. 


7.3.2 Pressure Calibration 
Piston inertia and friction disrupt the pressure equation 7.5, 


giving an actual ER-F curve with hysteresis about the theoretical 


b 
straight line relationship. Since mechanical effects could vary as a 
function of piston position over its maximum allowed stroke, the chamber 
C had to be filled with an incompressible fluid for calibration purposes 
so that Po could be increased and decreased at a fixed position. 

Figure 43 shows the calibration scheme. For initial pump down, 
valves V1, V2, V3, V4, and V5 were open. Then with V1, V2, V4 and V5 
closed, air was let in V6 to push glycerol from the reservoir into 
chamber C of the source. When the chamber was full, valves V1 and V2 
were opened and V3 closed, and a balance between the measuring pressure 


Pa and the control pressure P, was set to give a suitable, stable level 


b 
of glycerol near the lower end of the capillary tube. After ra had 

been measured with the mercury manometer, valve Vl was closed. Calibra- 
tion of the source could be achieved by applying a known control pres- 
sure Pie waiting until the glycerol rose to a stable level in the capil- 


lary, and then using Boyle's Law for ABER a to find En from the fluid 


level in the capillary. The equation of interest here is 
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h 
= geuht = 
aE ae Ry + p(g, - g,) » (8.6) 
where Pel = chamber C pressure for gas column height 


hy and glycerol head (above source) 81> 


P = initial chamber pressure for gas column 
ho and glycerol head By» 


Op = glycerol density, 


and g. = height of center line of chamber C. 


The use of a capillary of 1 mm inner diameter in the calibration 
apparatus meant that the volume of glycerol needed to fill this capil- 
lary was ejected from chamber C by about 2 mm of piston movement in the 
source. When 2 mm movement is compared to the total piston travel of 
35 mm, the piston travel during a measurement cycle was acceptably 
small. Therefore the pressure calibration procedure closely resembles 
actual operating conditions, where the fluid flow rate is very low, and 
the piston moves very little. Figure 44 shows the calibration curves 
for four piston positions, given as piston distance from the front 
plate of the source. Theoretical lines for the pressure relationship 
are dotted in, as calculated from equation 7.5. Variations in atmo- 
spheric pressure result in errors small compared to the experimental 
uncertainties and hysteresis curve widths, so a standard value of 700 
torr was used. (The City of Edmonton is about 675 m above mean sea 
level, so a standard atmosphere is approximately 700 torr.) Hysteresis 
curves for one and one-half complete pressure cycles are given. The 
agreement between the first and third legs of the cycles shows that 
experimental errors are acceptably small. 


Several trends can be observed in the data: 
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(c) (d) 


Figure 44: Pressure Converter Calibration Curves for Four Piston Positions. 
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(a) When the positions of the hysteresis curves are compared to the 
positions of the theoretical curves in the four calibration 
measurement results, a small trend in the relative positions can 
be seen. Thus, the constant "1 atm" in the pressure relationship 
between Po and Pa (equation 7.5) is, in fact, dependent on piston 
position. This dependence can be explained by the fact that the 
pressure P, = 1 atm is constant, and there is an additional force 
on the piston caused by the stretching of the diaphragm as piston 
position is changed. 

(b) The widths of the hysteresis loops are all comparable, with the 
exception of one part at the top of the curve in Figure 44b, 
which indicates a "sticky" spot at that piston position (approxi- 
mately 16 mm from the front plate). This flaw was also apparent 
in observations made of piston travel during other experiments. 
With the exception of this one spot, piston friction is relatively 
constant as a function of piston travel. 

(c) In Figure 44d, a dashed line is drawn to show the result of an 
ancillary experiment in which the pressure curve was measured 
starting from a control pressure Py = 1 atm. The line indicates 
how the pressure Ra varies as the piston moves forward from the 
fully withdrawn position, and simulates actual operating conditions. 
For actual source operation it was found that these curves allow 

good control of the fluid pressure. In practice, the position of the 

piston during source operation depends on the amount of fluid in chamber 

C. This position can be deduced from the position of the piston travel 

limit device. The four calibration curves in Figure 44 are examined, 


and the one corresponding to the correct piston position is selected. 
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Then the Poe. correspondence can be followed as P, is varied up and 


b 


down at the control panel. 
An estimate of piston friction can be made from the hysteresis 


curves. For example, if at a given value of P, there is a hysteresis 


b 
of AP then 


friction = 720P AL : Cia 


The factor % arises since AP includes friction for both forward and 
backward motion. A. is the effective area of chamber C piston. From 
the curves in Figure 44, the friction force in one direction was found 
to be about 1 nt. This agrees with a value estimated for the pressure 
converter by Bellofram Corp. ene neers to be "less than 4 1b" or 
Dera 

The most severe experimental error in the calibration method used 
was caused by the viscosity of the fluid. For increasing glycerol 
column height, the fluid took a long time to achieve a stable level in 
the capillary. For decreasing column heights, fluid tended to adhere 
to the capillary walls. The reasonable consistency of the results 
shows that the errors are not so large as to mask the characteristics 


of the pressure converter. 


7.3.3 Fluid Chamber Filling Procedure 


Figure 45 shows the schematic of connections required to fill the 
source with outgassed fluid. The source is mounted on its support 
flange, without the extractor-capillary tube assembly. A polyethylene 
tube connects the port on chamber C (where the capillary is normally 


installed) to the third feedthrough (#32) in the source end flange. 
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vacuum chamber 


source on support flange 


outgassed fluid 


Figure 45: Apparatus Required for Filling the Source Chamber. 


The source is then placed in a vacuum chamber, which is evacuated to 
roughing pressures. The feed tube is connected to one glass tube (B) 
protruding through a two-holed stopper which fits in the top of an 
Erlenmeyer flask containing the outgassed fluid. A second glass tube 
(A) leads to a flexible tube, then to a manifold containing an air in- 
let valve and pumping line. 

After the fluid in the flask has been outgassed on a separate 
vacuum station, the flask is quickly transferred to the system shown 
in Figure 45, With valve V1 closed, the tubing is roughed out, with 
both glass tubes A and B held in the air space above the fluid. This 
procedure evacuates the entire fluid feed tube and the chamber C. After 
several hours of pumping, the glass tube B is lowered into the fluid, 
valve V2 is closed, and valve Vl is opened. The air pressure on top 
of the fluid pushes fluid into the source reservoir, chamber C. When 
the chamber is full, the source flange is removed from the vacuum 


system, the feed tube is removed, the port through the end flange 
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blanked off, and the capillary and extractor assembly installed on the 
chamber C port. In order to prevent the glycerol from becoming gassy, 


the source is kept under vacuum whenever possible. 


7.4 Test Bench Results 


After the developmental work described in the previous sections 
was completed, the colloid source was operated in the test bench vacuum 
system. Since the source was, in this configuration, suspended in the 
center of the chamber, the pumping speed at the source was very good. 
Therefore tests on the vacuum requirements of the capillary tip region 
were not possible. It was found that, if the insulating pieces of | 
lucite supporting the source and extractor were scrupulously clean, the 
source would sustain a 20 kV capillary potential without sparking and 
with only a few small electrical discharges, or microdischarges. The 
pressure conversion system worked satisfactorily, and stable dc beams 
were successfully produced. Further results obtained with the source 
in both the test bench and the 300 kV microparticle accelerator are 


fully reported in Chapter 9. 
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CHAPTER 8 


THE 300 kV MICROPARTICLE ACCELERATOR 


8.1 Introduction 


This chapter discusses the physical layout of the 300 kV acceler- 
ator, the electrical and pneumatic control apparatus, and the equipment 
used during colloid beam experiments. Results and details of the 


experiments and some of the apparatus used are given in Chapter 9. 


See Operational Concepts 


Figure 46 shows a side view of the entire accelerator system, 
while Figure 47 shows a plan view of the laboratory layout. The accel- 
erator can be viewed as three sections, mounted on wheeled carts which 
travel on a pair of support rails. The first cart (hereafter referred 
to as the dome cart) carries a grounded corona shield, an insulating 
support tube, and the high voltage dome. The second support cart, the 
tube cart, carries the low voltage end of the accelerator tube and a 
grounded corona shield. The ground plane shown in Figures 46 and 47 is 
an expanded-metal screen fastened to the laboratory ceiling and pro- 
vides a safety barrier for the accelerator operators. The third cart, 
the pump cart, carries the targets, pumping manifold, and part of the 
pumping system. The turbomolecular vacuum pump stands on the floor 
beside the pump cart. In experimental use, only the dome cart is ever 
moved. During experiments, the cart is rolled forward so that the dome 
surrounds the source chamber, and the dome supports both the source 
chamber and the high voltage end of the accelerating tube. Simultan- 


eously, the low voltage end of the accelerating tube is supported by 
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the tube cart. This configuration is shown in Figure 46 and in the 
photograph of the accelerator in Figure 48a. Access to the apparatus 
in the source chamber is gained by supporting the high voltage end of 
the accelerating tube from the tube cart by means of two removable 
stands, and rolling the dome cart away from the source chamber. This 
configuration is shown in the photograph in Figure 48b. 

The high voltage dome is sheet aluminum formed into an annular 
cylindrical shape, 0.85 m in outer diameter, 0.29 m in inner diameter, 


and 0.71 m long. The outer surface of the annulus opens to provide 


access to the apparatus contained within it (see Figure 48b). The dome 


is supported from the dome cart by a horizontal "tufnol" (fibre rein- 
forced plastic) tube, with a 0.54 m distance between the dome and the 
grounded corona shield. 

Various control schemes for the equipment contained in the dome 
(Sections 8.4 and 8.5) enter and leave the dome through the axial hole 
in the hollow support tube. 

The source of particles is placed in the source chamber adjacent 
to the high voltage electrode, and is controlled remotely. The source 
chamber is evacuated by the main accelerator pumps. Particles created 
in the source cross the accelerating gap between the electrodes, then 
drift towards the target region. The width of the accelerator gap can 
be adjusted by axially moving the low voltage electrode. 

For safe operation of the accelerator, the operators must be pro- 
tected from both the high voltages and possible X-ray radiation fields 
present. Thus the entire accelerator is surrounded by a concrete 
shielding wall. In orERIO UE the target area is separated from the 


accelerator area by a grounded expanded-metal screen. Gates into the 


200 


oz ak ban 28 exigent svete ah 
evderaqgs sf3 07 BBSIDA PL ae: 
Ls ten spsio da  assoem ef hmnag +z seems sation od 8 7 
gidsveuts1 ow? to annoit 40 dino sdua | t odd okjexeie: 
sidT .xedmad> somos afd aos? yawl b ods got tor b ; 
arn 6 anal ool a 
talucns me 038) beqrol sintants sonde ‘8k saoh eynsfow dtd 
yotomnth tan@t ak @ &5.0 crasaam hh gsr at m 08.0 voanda | 60k. 


ehivorg oF eraqe aulonna ed? 70 sutris aaguo, adIT quok a | But 
eaoh afT .(daA evugtt 903) 22 obt3iw pentusnan syaaaaggs. tt 6 o2 ‘eeno08 
~stex oxi?) “Lontw)" Ingiastrote yd 3989 mre are gost bet704% 
ee ee stam “— catzeata | a 


smoh ada al benlatyes tasmyhups af) tol esesias Lotiao syotsa¥ 
alot takes ofa Muerte. amob tf? oveal Baa zatue (5.8 bee 4.8 enota2 
,odud Sroqque wollod ed3 at a 
goanethe sailealite saves sds Bt Becats et satatizaq 10 sos00e SdT 
sosuoe sf ¢ttedmas bef feriaes at bas weboviasls sgatfov dgid oft 93) 
bad aeas valent .sigaug, xoSerelso2— alan ods yd beravosva et 2 mat 
gale ashogtanie st weewiad gig gitieisisoas ad? aor eee ta ak 
nee dae aiaigaid oft .oolges swaied 97 Mairi. 


201 


accelerator and target areas are interlocked to the 300 kV power supply 
to prevent access to the accelerator during experiments. 

The targets for the accelerated beam are contained in a four inch 
by six inch diameter glass cross. The targets are of the type used for 
detection of the colloid beams in the test bench experiments, and are 
discussed in Section 8.6. In addition, an electrode is installed just 
in front of the targets for secondary particle experiments (Section 
926.1) 

Prior to the present work, the operational concepts of the accel- 
erator had been established and tested. At that time, the accelerator 
components consisted of: the entire dome cart and dome, the air driven 
motor, generator, and 20 kV voltage supply in the dome, the accelerating 
tube and electrodes, the pump cart, part of the pumping system, the 
shielding wall, and the ground plane separating the accelerator and 
target areas. In addition, construction had begun on the tube cart and 
target chamber system discussed here. 

Much work was performed on the accelerator prior to the colloid 
beam experiments. The following is a list of some of the changes 
required, where the term modification applies to changes made either 
to make the original system easier to use, or to allow installation of 
the colloid source experiments: 

(a) Installation of new support rails for the entire accelerator, 

(b) Modification and installation of the new tube cart and accelerator 
tube support system, 

(c) Modification of the existing dome cart, 

(d) Modification of the pump cart, and installation of the target 


chamber , 
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(e) Design and installation of the pumping manifold and installation 
of the turbomolecular pump, 

(f) Increasing the power capacity of the air motor and generator by 
improving air flow to the motor, 

(g) Design, construction, and installation of all the electronic 
circuits in the dome, 

(h) Modifications to the source chamber, 

(i) Installation of the colloid source and detector system, 

(j) Installation of the compressed air control system for the dome 


circuitry and colloid source. 


8.3 Vacuum System 


Initial attempts to adequately pump the accelerator using the 
existing pumping system were unsuccessful. The pumping system at that 
time consisted of a carbon vane roughing pump, zeolite sorption pumps, 
a 100 &/sec ion pump, and a 500 2/sec titanium sublimation pump with a 
liquid nitrogen cooled shroud. Successful experiments were carried out 
after the pumping system was changed to a carbon vane roughing pump, 
260 &/sec turbomolecular pump, and a liquid nitrogen cooled trap. 
Because the experience obtained with these two pumping systems is 
relevant to any accelerator using a colloid source, the results of the 
pumping system experiments are fully reported in Chapter 9, rather than 
in this chapter. 

System pressures were measured by either a Varian model 971-5009 
millitorr gauge (1 to LOR torr), or a model 971-5004 nude ion gauge 
(<107> torr). Both gauges were connected to a Varian model 971-1008 


control unit. The gauge heads were mounted on a flange at the top of 
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the pumping manifold. 

The two six-inch gate valves were solenoid controlled and con- 
pressed air operated. If a power failure occurred, a power contactor 
in the laboratory would open, and the valves would close. The open 
contactor ensured that the valves remained closed and the pumps re- 
mained off when power was restored. 

The two accelerating electrodes in the accelerator tube were de- 
signed so that gas could flow from the source chamber to the vacuum 
pumps both through the center of, and around, the cylindrical elec- 
trodes. While the distance from the source to the pumps, and the 
various pumping impedances between the source and the pumps, meant that 
a very low pumping speed was available at the source chamber, careful 
design of the colloid source allowed successful production of colloid 
beams. Due to restrictions imposed on the accelerator geometry by the 
presence of high voltages on the accelerator dome, little improvement 
in pumping system design and layout can be achieved. Changes to 
accelerator electrode and detector geometries, and the use of larger 
vacuum pumps, would give better source operation and shorter pumping 


times. 


8.4 Electronic Design of the Dome Circuitry 


8.4.1 Introduction 

Operation of the particle source inside the floating high voltage 
dome was constrained by the fact that there could be no direct elec- 
trical access to the interior of the dome. This means that the source 
had to be remotely controlled by non-electrical means, and power to 


drive the source had to be generated within the dome itself. 


203 


vy 


y Wy ay 
an be wil es pb Lome gat 
wos bas batiorines bhonefos eeu mavlay edna doni-ate ows siE 
sasonsaos.owog-n gbsxmuopo #ukke® sevog « At »tegetago: aie Dessaig Pe 
asqo stT -ssola bivow savin ent) bam auqo blvow yrosexodel add at | 2 
-97 eqauq a3 ban bosols bontaean auviey od2 2002, hexuane:zo?2aIe9» 

-eb oxew odua soteraisooe odd ph esboxvosle gatiexslenon, ows sdT i 


suuonvy of3 o9 todamds aomwee. af wowk woll blaoo eag 2ad3 oe beagle 

-oole Inoizballyo ed’ .beuqta baw ,20 Tene at? dguemls died equyg 

sit? bos ,aqig oft o2 saggon sda mort. sagazeth eda slitW .esho1 
jedi dosee .eqaug ed2 ban somos edi asserted esgasheqal gatqauq auolzay * 
[piem> ,xedimds ssqwoe od? Ih oldatieva aaw beoq2 gatqauq wol. y7S8v & 
htolfos Xe aobtgwborg Jotecqoous bywalle eosv0s bholios ait to, mgtasb 
add yd yrimmeg wosaTelesse aly wo bawogmt. saotioitiess of, su, -emaed 
smenovovand stankl yomob, saseedavee eft 0a, augeilov datd) 20, pomeeeae 
at angus? ,davetdos ad neg svogel bas ngleob meseye, gotquug ak 
tegoet io sen add bao ,aotmarong sotosdob bas sbotsoele zoJe1eleoos 


gaiquoq asdaede bas aokiaraqo seas sessed svig hivow »eqaug muuev 


| gotgoubortal 1.6.8) 
agesioy dgid gatssoli ats ebienl soTvo0e stotizeq of9 2o aolaszeqgO™ = 
pats azetkh co od bison oxady aed t29% eda¢4 beslaz3eq09 sew oaob = 


204 


The accelerator (as it existed prior to the present work) utilized 
compressed air for communication between the dome and the laboratory 
control panel. For power generation within the dome, compressed air 
drove an air motor mechanically coupled to a generator, which was regu- 
lated to 20 V output by a field current regulator. A high voltage 
supply produced 20 kV from the 20 V source. An air driven mechanical 
switch in series with the 20 kV output turned the voltage on and off. 
The high voltage was monitored by a meter illuminated by a lamp for 
external viewing. This relatively simple system allowed adequate 
control and operating of solid charged particle experiments. 

Since this operational design had proved successful, it was adopted 
for the present experiments. However, due to the much more compli- 
cated control functions required in the present work, the entire system 
was rebuilt and expanded. The following sections describe the new 
system. The system as evolved here is very versatile, and could be 
used without modification for solid charged particle experiments as 


well. 


8.4.2 General Description of the Circuit Blocks 


In this section, the functions of the various modules are des- 
cribed while the modules themselves are described in Section 8.4.3. 
Circuit operation techniques are given in Section 9.1. Figure 49 is 
a block diagram of the entire dome electrical scheme. Control of the 
circuits is achieved by applying compressed air signals to “air 
switches" contained in the dome. The air switches convert the pres- 
sure changes into electrical contact closures. 

The air supply to the motor and generator is controlled by a sol- 


enoid valve at laboratory ground potential. The 3/8 inch diameter air 
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line enters the dome through the hollow support tube. The generator 
field is connected in series with a switching regulator set to give a 
generator output of 26 V. The ripple on the 26 V output is filtered by 
the 1 mh choke and 15,000 uf capacitor, to a value of about 0.5 V peak 
to peak. This basic 26 V supply drives the remaining power supplies, 
all logic circuits, and the filament of the high voltage switching tube. 

Total power consumption in the dome is about 200 W. Cooling is 
not a problem because of the large volume of compressed air vented in 
the dome through the air motor. 

The high voltage supply for the colloid source is an oscillator, 
transformer, and rectifier circuit having a de to de voltage gain of 
about 1000. The output is filtered by an additional external capacitor 
of 2 nf, and is monitored by a meter in parallel with the high voltage 
switch. The supply is driven by a variable de regulator to permit var- 
iation of the capillary voltage in the source, and to reduce high volt- 
age fluctuations. This regulator is varied by means of a nylon fila- 
ment and pulley arrangement running down the dome support tube to lab- 
oratory ground potential. The dc regulator has a remote shut-down con- 
trol using air switch SW3. 

The capillary tube in the colloid source is at the potential of 
this high voltage supply, while the source extractor is at dome ground 
potential. 

The capillary voltage switch chosen for the accelerator is a high 
voltage tetrode rather than a thyratron as used in the test bench 
apparatus. The main reason for the change is that the tetrode consumes 
only 60 W of power, whereas the thyratron used about 200 W. Control 


signals for the tetrode grid originate in the pulse circuit. In the 
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pulse circuit, air switch SWl initiates a single pulse, while air 

switch SW2 causes an output level shift when it changes state. The 26 V 
output pulses then drive a solid state grid driver which delivers level 
changes of -720 to +26 V directly to the control grid of the tube. The 
two air switches are controlled from the remote control panel. 

For time of flight measurements, air switch SWl is activated to 
pulse the source high voltage to ground for 7 msec. A pulse to syn- 
chronize the high voltage pulse to the oscilloscope recording the beam 
current from the detector is derived from the output of the pulse cir- 
cuit. The pulse drives a light emitting diode whose output is fed down 
a "light-pipe" to a receiving photo-diode at laboratory ground poten- 
tial. The pulse from the photo-diode is then used to trigger the re- 
cording oscilloscope during time of flight measurements. 

Operation of the dome is monitored by two voltmeters connected to 
the circuitry; one of these monitors the 26 V supply, and the other 
monitors the high voltage at the tetrode anode. The meters are illu- 
minated by a lamp and can be viewed by looking along the center of the 
dome support tube. 

It must be emphasized that there are two main areas of reference 
for circuit voltages. All electrical signals within the dome are ref- 
erenced to the potential of the dome, hereafter referred to as the 
"dome ground potential". The potential of the dome itself is relative 


to the "laboratory ground potential". 


8.4.3 Discussion of Individual Circuits 
8.4.3.1 26 V Generator and Regulator 
This circuit is shown in Figure 50. The supply of con- 


pressed air to the air motor is turned on and off by a solenoid valve 
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at laboratory ground. In the dome the air flow drives a one h.p. air 
motor, which is mechanically coupled to the 24 V, 25 A generator. The 
generator will produce up to 8 A at 26 V. The current limit is a result 
of the limited air flow available to the air motor, but is sufficient 
for present needs. 

The field regulator is a switching type, whereby the entire 
generator output voltage is across the field, or none at all. The volt- 
age across the string Rl, Zl, Z2, and R2 turns on Q1 when it reaches 
28 V. Ql in turn cuts off the base drive to Q2, hence the field current 
decreases. The generator output voltage drops until Ql is turned off, 
Q2 turned on, and the field current is re-established. Included in 
Figure 50 are some additional components. The 1 mh choke and 15,000 uf 
capacitor filter the generator output. At the input side of this filter, 
ripple is typically 3V peak to peak, at about 500 Hz. When the output 
current is about 5 A, the output ripple is 0.5 V peak to peak. The 
diode protects the regulator from transients generated in the inductor. 
The lamp and its current limiting resistor R5 illuminate the voltmeters 
in the dome for external viewing. The output voltage of the regulated 
generator is monitored by the voltmeter in series with the calibration 


resistor R6. 


8.4.3.2 Bias Voltage Supply 


This circuit is shown in Figure 51. The supply is rated at 
+900 V at 100 mA, and -650 V at 100 mA. Open circuit voltages are +1100 
V and -720 V respectively. The -720 V rail has a voltage divider across 
it to provide -360 V at low current for the particle source electron 


retarding ring. 
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The transistors Ql and Q2, together with the special order 
Hammond Manufacturing Co. transformer (type number 99141), make a 
switching oscillator running at about 700 Hz. The two completely 
separate output winding waveforms are bridge rectified to give the out- 
put voltages. The circuit is typical of those given in Hammond cata- 
logues’>, ‘The=1-100) Vesupply: is filtered by C3) Aer0.5ePA SREY capac- 
itor, while the -720 V supply is filtered by C4 and C5 in series, a 
total of 10 uf. Resistors R5 and R8 bleed off the filter capacitor 
charges when the supply is turned off. Resistors R6 and R7 make the 
-360 V voltage divider. Open circuit ripple voltages are 2 V peak to 
peak and 1 V peak to peak for the +1100 V and -720 V supplies respec- 
tively. 

The circuit depends on an initial current surge in the 
transformer to start the oscillations. It was found that, when the 
generator was started, the 26 V output was established at a rate too 
slow to start the oscillation. Therefore, a time delay relay REl, 
having a delay of 1 minute, is used to allow the voltage from the 26 V 
generator to stabilize before this voltage is applied suddenly to the 


oscillator*circuit. 


8.4.3.3 Pulse Circuit 

This circuit converts contact closure from the two air 
switches into either a 7 msec wide pulse, or a level shift, depending 
on which switch is activated. The output is normally +26 V and the 
output signals switch to dome ground, as shown in Figure 52. 

Transistors Ql and Q2 comprise a flip-flop. This buffers 


the contact closure of the air switch SWl, and ensures that an output 
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pulse is produced if and only if the air switch SWl contact goes from 
"reset" to "pulse". Transistors Q3, Q4, and Q5 form a monostable multi- 
vibrator with period 7 msec. Transistor Q6 inverts the pulse for com- 
patibility with other circuitry. Q6 can also be turned on by closing 
air switch SW2. This produces an output level shift for as long as the 
switch is closed. Test pulses to initiate output pulses can be applied 
to the monostable multivibrator. With the exception of the diode in 
the test input lead, all diodes in the circuit protect the transistors 
from transients generated elsewhere in the accelerator dome. 

Output pulse risetimes are less than 0.5 usec, and pulse 


falltimes are about 1 usec. 


8.4.3.4 Grid Driver Circuit 

The idea for the circuit to drive the grid of the C1150/1 
tetrode was found in papers by Pancenos and Friichtenicht and pemeenae 
The circuit has been modified to use less expensive transistors, to be 
dc coupled, and to handle higher voltages. The circuit, which is shown 
in Figure 53, is "off" (transistors cut off and output voltage of -/20 


"on" (transistors saturated and out- 


V) when the input is at +26 V, and 

put voltage of +25 V) when the input is less than +25 V. The output 

of the circuit is connected directly to the control grid of the tetrode. 
Resistors Rl through R7 bias the transistors to each with- 

stand 1/6 of the total applied voltage, which can be up to 900 V total. 

Resistors R8 through R13 are calculated to limit the transistor base 

currents to 1 mA each, when the transistors are saturated. The load 


resistor R15 limits collector current to 10 mA when the transistors are 


conducting. Circuit risetimes are about 3.5 usec, while falltimes are 
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Figure 53: Circuit Diagram of the Tetrode Grid Driver. 
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10 usec. These values are acceptable because they are the same dura- 
tion as, or less than, the tetrode response time. 

8.4.3.5 Variable dc Regulator 

This circuit, which is shown in Figure 54, uses the 
Motorola integrated circuit voltage regulator MC1461R, with a series 
pass transistor, Ql. It is typical of applications given in the 
Motorola Microelectronics Data Book. a 

The regulated output voltage can be varied from about 4.5 V 
to 22 V using the variable resistor R4. Resistor R7 with diode Dl gives 
an output current protection limit of 2.5 A. The input supply must be 
at least 24 V for the regulating zener diode Zl to be properly con- 
ducting. The remote shut-down control is connected to an air switch, 
SW3. The regulated output falls to zero volts as long as the air 
switch wiper is connected to a positive voltage. The diodes D2 to D4 
and the resistor R6 protect the integrated circuit from transients 
induced on the air switch leads. 

When the circuit is mounted in the accelerator dome, a 
pulley and nylon filament arrangement between the potentiometer R4 
and the laboratory ground end of the dome support tube allows variation 
of the output voltage when the dome has been closed up. For safety 
reasons the voltage can be varied only when the dome is at laboratory 
ground potential. The method of voltage variation is invaluable when 
the colloid source is being started up, since high voltage adjustments 


are usually required before the colloid source will produce dc beam 


currents. 
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8.4.3.6 High Voltage Supply 

The oscillator in this circuit (Figure 55) uses a single 
transistor, Ql, and a Spellman TRF-10 transformer. The circuit is pat- 
terned after the circuit diagram for the Spellman High Voltage Elec- 
tronics Corp. model UHM-20P10D power sapile Output dc voltage is 
directly proportional to the applied dc voltage, with a voltage gain 
factor of approximately 1000. Output current is specified as 0.5 mA 
maximum, while the output voltage must be less than 20 kV. Use of an 
oscillator frequency of 500 kHz means that output ripple can be very 


effectively filtered. With the 2 nf external capacitor (C7), ripple is 


about 1 V peak to peak at 20 kV output. 


So. 4eo0/7 tetroder Circuit 

The English Electric Valve Co. C1150/1 tetrode shown in 
Figure 56 operates as a high voltage switch driven by the circuits 
already discussed. The anode resistance R4 is chosen so that the max- 
imum current drawn from the high voltage supply is less than 0.5 mA. 
Resistors Rl to R3 prevent the screen grid from drawing excessive cur- 
rent when the tube is held "on", or saturated. The tube filament runs 
directly from the dc generator, and draws 2.1 A at 26 V. When driven 
by the pulse and grid drive circuits previously described, the pulse 
risetime is about 2 usec. while the slow falltime of about 10 msec 
is caused by the large anode resistor current limiting the charging 
rate of the total output capacitance, which is made up of tube, wiring, 
and colloid source capacitance. The circuit waveform is also shown in 
Figure 56. Switching times were adequate for the present work, so no 


effort to improve them was necessary. 
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Figure 56: Circuit Diagram of the Tetrode Circuit. 
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8.4.3.8 Optical Link Circuit 


One basic property required of the electronic circuitry 
was a facility to permit time of flight experiments on the colloid 
source both with and without an accelerating potential on the acceler- 
ator dome. Clearly a method was required for synchronizing the trunc- 
ation of the beam (by operation of the tetrode on the capillary poten- 
tial) and the storage oscilloscope recording the beam current decay 
curve at the detector. The timing was accomplished by transmitting a 
synchronizing pulse from the dome to the laboratory by means of a light 
pulse travelling in a fibre optics "light-pipe". The transmitter and 
receiver circuits making up the light link are shown in Figure 57, to- 
gether with the optical link output pulse and the corresponding high 


voltage pulse at the colloid source capillary tube. 


In the transmitter, the output signal (pulse or level shift) 


from the pulse circuit drives an RCA 40736R light emitting diode. The 
diode light output is coupled into an American Optical Co. LGM-3X36 
fibre optics “light-pipe", which is 36 inches long. While the trans- 
mitter is in the dome, at dome ground potential, the receiver is at 
laboratory ground potential. The optical signal from the light pipe 
triggers the EG & G SGD-100A photodiode. Transistors Q2 and Q3 
amplify the signal and give out a pulse or level shift. 

There is a delay of about 2 Usec between the input elec- 
trical pulse and the output electrical pulse. However, the comparison 
between the output pulse and the corresponding high voltage pulse in 
the dome is quite favorable. As shown in Figure 57, the leading edge 
of the trigger output pulse precedes the high voltage pulse by about 


5 usec. This delay is negligible in comparison to the expected time 


220 


RTA SINR " 
aqefeos8 efi no Labinstog gatsateleovs ns swodstw baa ditw diod aomow fe 
~o0u711 ad gitatootdsaye rol bevbupes gow borjam s ylrssf) — <smob 038 
~ostig Yailiqes odd mo aborIes a2 2 aotsaxeqe yd) mod ee | 

paca anavios stsod 22 gatbxooe? ofpstolltoa sgarsae sifd has Catt a 

se goliilmangz2 xd bedeliqnesoa eaw gataly ait .3030918b edi 3s svius _ 
3rigtl » to anaem yd ywiointedsl add of smob ods ‘motl seluq gatstaowdonys | 
ban rstiimeness oct ."oqtqradgtt” eolaqo ovdt? a at gniffovasd seluq ; 7 
-o3 ,\@ otughi nt mwode ots Mint 2ghl 969 qv gntelam ettuozto ysvisos7 ed 
dgid gakbaogasito> odd bas eulug duqauo antl Laotaqo od? .diiw asdtog 7 ; 
edu wraliiqsa sotuca broilo> oft Js saiuq sgsilov © : 

(sande Level wo selug) LengteIvqive sf7 , 3533 }@ane22 sd? al 
st .sbokb gribtitws aight HORTOO ADK ne anviah jtustio slug od3 moxt 

aERE-MO! .od Testy nackte me otnk belgvoo ek 3uqivo tdglt sbokb | 2 
~snavs sdg siidw .geol aedont OM at dotdw Meqtqnaiight" entiqo s1zdtt ; 
4s o) sewksoey ed’ ,fatinedog bavesg sap an ,stob di nt et roIile. 
eqta 2igit of? moat Lengta Lsstigo sAT .Letansiog brvotg yrosatodal 
Cf bos SP eporehensrT .sbotbosofg AODS~Woa Dé WM ody ezogatrs | 
-ilda twvel qo selug = syo aylg bas longte of3 yiiiqze 
~ooke snqat sd? meted saay $ suods to yaleb s ab axedT - 
: 


matzsqans ofS ,tavewoll " yaalug taotsaseie auqav0 ai bas sotog tessa 
mi satug sgsstor dyid uthongeozioo at bom solog sunsue at aeewand 


222 


SUFIOSTA pue AeTep pseurquood 
vesn ¢ 


punoi3 swop 


SUTYOITMS 
e8eITOA YystTYy 


a3e TOA Y3Ty 
®PATITSOd 


AO 
3no estnd 


GYAN Be 


punois Atoje1OGeT 


ASC le 


TOATOVeA 


“MUTT Teotydo ey Jo wea8etq AINodAT) 


Bpoftp—oj0ud YOOT-G9S# D ¥ 9” 
@POTP SuTIITWS AYBTT “YQELOH-VOU 
7O6ENZ 

906ENZ 

9EXE-WOT °9D TeotT3do ueotiouy 


1933 J;usuer 
punoi3 ouop 


DS tat 


:/¢ ean3TgZ 


7d 

*Td 

7€0 

>Z0°TO 
sodtd y8TT 


ut oestnd 


ie 


ricer 1g POAT 


| a0! ; i 
: 
wae} 


ho- Qa: ase9 ew | 


». og) paknae 


atic] 25: graces prvtrem of cpe obryery [TSF 


222 


of flight curve time scales of about 1 msec or longer. The optical 
link has been successfully operated with up to 100 kV on the accel- 


erator dome, relative to laboratory ground potential. 


8.5 Pneumatic Control Scheme 


The 300 kV accelerator is controlled by compressed air signals. 

A section of this thesis (Section 8.4.2) has shown that five separate 
air signals are required. These are: a high pressure air line to drive 
the air motor, a control air line for the variable dc regulator, a 
control air line for the high voltage switch, a control air line for 
the time of flight pulse from the high voltage switch, and an analog 
control air line controlling the colloid source (Section 7.2.1). 

Figure 58 is a schematic diagram of the pneumatic control scheme, 
in which high capacity, high pressure air lines are shown as heavy 
double lines, control air lines are shown as lighter double lines, and 
electrical wires are shown as single dotted lines. The figure is 
divided into three areas (laboratory, control panel, and accelerator 
dome) in order to show where individual components are physically 
located. The control panel is located outside the shielding wall of 
the accelerator. 

Compressed air at about 120 psig from the building supply enters 
through a manual valve, V1, and is divided to go either to the control 
panel or through the solenoid valve, V2, to the air motor in the dome. 
This solenoid valve is controlled electrically from the control panel 
with switch SW4. The high pressure air is put through a regulator set 
at 20 psig to the first surge tank on the control panel. Pressure in 


the tank is monitored by meter Ml. Control signals to the dome are 
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Figure 58: Air Supply and Control Scheme. 


initiated by switching 20 psig air into the %-inch diameter PVC air 
lines leading to the dome, using switches Sl to $3. In the dome, the 
pressure signals are converted to electrical signals by pressure act- 
uated contact closures in switches SWl to SW3. The response of a_ con- 
tact closure is fast (<<l sec) when the pressure is applied to the air 
lines. On the reverse cycle, contact opening takes between 1 sec and 
2 sec because compressed air must be bled from the long control line. 
The second surge tank, with its meter M2, contains the analog control 
pressure which drives the colloid source. Pressure in this tank is 
controlled by the inlet and vent needle valves, V4 and V5. 

Operation of the entire control scheme is discussed in Section 
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8.6 Detectors 


Specific designs for the beam detectors used in the accelerator 
are discussed in Section 9.6, together with the results obtained using 
them. This short section merely discusses detector positioning. The 
accelerator dimensions are given in Table 10, Section 9.3.2. As shown 
in Figures 46, 47 and 48, the detector arrangement used in the 300 kV 
accelerator closely resembled the arrangement used in the test bench 
experiments. The various detectors were mounted in the four-inch dia- 
meter section of the four-inch by six-inch diameter glass cross used as 
a target chamber. The detector assembly consisted of a flat aluminum 
plate fastened to the mechanical feedthrough. In this plate, three 
67 mm diameter holes defining the detector apertures allowed simultan- 
eous installation of three different detectors, which were bolted to 


the back of the support plate. The size of the detector apertures was 
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determined by the size of the target chamber the detector fits into. 
By way of comparison, the inside diameter of the low voltage electrode 
is 70 mm, while the size of the expected beam spot (decemmined by the 
source and collimator geometry) is about 40 mm in diameter. 
Experiments on secondary particles were performed using a ring 
electrode mounted just in front of the detector assembly (Section 
9.7.2). Bias voltagesof up to -4 kV were applied to the electrode via 
a ceramic feedthrough on the bottom flange of the target chamber. In 
addition, there was another grid directly in front of the detector 


surface, which was biased at voltages up to -500 V. 
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CHAPTER 9 


ACCELERATED COLLOID BEAMS 


9c “Introduction 

As explained in the introduction to this thesis (Section 1.4), the 
ultimate goal of the present research is to accelerate a beam of col- 
loid particles in the 300 kV microparticle accelerator. In a literature 
search into this topic, only one reference to acceleration of colloid 
beams was found. In this reference, Huberman and gonen<e described use 
of a 100 kV accelerating potential with a colloid source in an attempt 
to increase the specific impulse of the colloid source in a microthrust 
rocket application. (Specific impulse is a thrust per unit weight of 
fuel consumed rating factor for rocket engines.) The colloid source 
used by Huberman and ponetee was a 37-capillary tube array operated at 
a positive voltage of 5 kV with respect to the source extractor, which 
was a plate containing one aperture hole for each capillary tube in the 
array. The working fluid was sulfuric acid doped glycerol. The colloid 
source, consisting of the capillary array, fluid feed line and a passive 
fluid feed mechanism, was held at 100 kV and the extractor was held at 
95 kV with respect to the laboratory ground. Fluid feed pressure and 
capillary voltage could not be remotely controlled. A grounded elec- 
trode facing the source shaped the accelerating field, while an electron 
retarding electrode operating at -1.5 kV to -7 kV was placed between 
the grounded accelerating electrode and the grounded electrical detector. 

Beams in these experiments were of the order of 125 LA and had 
average charge to mass ratios of 800 coul/kg. The main problems 


2 
encountered by Huberman and Cohen 2 were source heating due to 
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backstreaming electrons, and X-ray radiation (200 mR/hr) created by 
the impact of these electrons on metal surfaces. It must be noted that 
in these experiments beam spatial distributions were not of interest. 

In the present experiments, a low intensity (<100 nA) colloid beam 
was transmitted down the accelerator axis with the goal of producing an 
energetic, well focussed beam of particles. 

It is clear that the present work and the work of Huberman and 
Canon describe completely different experiments, following completely 
different objectives. Thus no direct comparison of the two sets of 
experimental results can be made. 

The experimental results described in this chapter were obtained 
in an experimental program designed to test three hypotheses: that the 
colloid source described in Chapter 7 could be operated in the 300 kV 
microparticle accelerator, that the colloid beams could be accelerated, 
and that measurements on colloid beams could illustrate the properties 
of the accelerator. 

Sections 9.2 to 9.5 describe the operation of the colloid source 
and accelerator. Sections 9.6 to 9.8 describe results obtained while 


studying accelerated colloid beams. 


pad Operating Procedures for the Experiments 


LS aah Operating Procedures for the Accelerator 


Usually two people were required to perform the accelerator exper- 
iments. One operator stayed outside the accelerator shield walls, at 
the control panel (Figure 47). Functions controlled from there 
included: analogue air pressure to the colloid source, all other 


pneumatic controls, and operation of the 300 kV power supply. The 
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second operator was stationed within the shield wall enclosure. His 
duties included adjustment of the variable voltage within the dome, the 
recording of all measurements, and manipulation of beam detectors. Of 
course the barrier between the target area and the accelerator area was 
kept closed and no-one was allowed within the accelerator area during 
experiments requiring accelerating potentials on the dome. 

Safety precautions taken during operation of the colloid source 
and the accelerator included: monitoring of X-ray radiation, operation 
of interlocks between the accelerator area entrance barriers and the 
300 kV power supply, and use of proper grounding sticks after any high 
voltages had been used. Also, accelerator operators always carried | 


personal radiation film badges while working. 


9.2.2 Operation of Control Systems 


The best way to illustrate use of the source and accelerator con- 
trol schemes is to describe the various steps followed in a typical 
experimental sequence. The steps are: 

(a) The source is cleaned and installed in the source chamber. 

(b) The system is evacuated to 5 x 1077 torr or lower by the turbo- 
molecular pump and liquid nitrogen trap. 

(c) The dome cart is rolled up to a point close to the source chamber. 
The high voltage lead to the source, the analogue control air line, 
and the collimator electron retarding ring bias lead are connected 
to the source. The dome is rolled completely forward and the auxil- 
liary support stands are removed. 

(d) The main air supply valve is opened. 


(e) The solenoid valve is opened and the air motor and generator in the 
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dome start up. After one minute the bias voltage supply is started 
by the built-in time delay relay. After five minutes the tetrode 
has reached operating temperature. 

The high voltage supply within the dome is started by means of the 
control panel air switch controlling the variable de regulator in 
the beam. The high voltage is adjusted to be between 16 kV and 18 
kV by means of the nylon filament and pulley arrangement. 

The source control pressure is increased to about 6 psig. After 
about 5 minutes, the system vacuum pressure rises to about 2 x 107° 
torr because glycerol is now being sprayed into the system. 

A stable de beam must be established, which may happen spontan- 
eously. Otherwise, the voltage and pressure applied to the source 
are increased until the stable de beam appears. Occasionally the 
high voltage may be interrupted for one or two seconds by means of 
the control panel air switch labelled "tube grid", which initiates 
a level change at the anode of the high voltage tetrode. This 
procedure sometimes helps a dc beam to be established. 

When stable dc has been established, experiments begin, These may 
include observations of the various detectors and measurements of 
the spatial distribution of the beam on the detectors. 

Time of flight measurements are initiated by the air switch 
labelled "TOF...reset...pulse" on the control panel, which trig- 
gers the pulse circuit in the dome. The storage oscilloscope is 
triggered by the pulse emanating from the accelerator dome via the 
optical link. 

When an accelerating potential is to be applied to the dome, all 


interlocked access barriers to the accelerator area and target 
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area are closed, and the 300 kV power supply started. 

(1) When experiments are completed, the 300 kV power supply is turned 
off. A waiting period of at least 5 minutes is required before 
the dome voltage falls to less than 500 V, due to the energy stored 
in the power supply. 

(m) The air pressure controlling the colloid source is reduced to zero. 

(n) The source capillary high voltage supply is turned off by the con- 
trol panel air switch. 

(0) The air supply to the entire dome is turned off by the solenoid 
valve. 

(p) The accelerator dome is grounded by a ground stick which is kept in 
contact with the dome for several minutes to ensure that the 300 kV 
power supply is properly grounded. 

(q) The main air supply is turned off and the pneumatic control system 
is vented. 

This control sequence was used whenever experiments were performed. Of 

course steps (i) through (1) were modified depending on the behaviour 

of the colloid source and the experiments to be performed. 

The control of the source with accelerating potentials on the dome 
worked as designed. The tetrode was successfully fired at potentials 

up to 90 kV. Also, the optical link transmitted the appropriate syn- 

chronizing pulses. It must be noted again that the adjustment of the 

source operating voltage by means of the nylon filament and pulley 
arrangement was used only during the start-up procedures for the colloid 
source, when the dome was at laboratory ground potential. Once a dc 
beam had been established, the source voltage was left constant during 


beam acceleration experiments. 
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The method of operating the fluid feed pressure in the colloid 
source by means of the pressure converter and the analogue pressure 
also worked as designed. It was found that it was not necessary to 
follow the correspondence between the calibration graphs of Figure 44. 
Instead, the control pressure was set to about 6 psig when the source 
was started, then varied until a suitable operating point was found. 
Thus the choice of operating control pressure, typically between 8 and 


10 psig, was determined solely by the behaviour of the colloid source. 
9.3 The Colloid Source 


9.3.1 Introduction 

Section 9.3 contains the information learned about the properties 
of the colloid source, which has been previously described in Chapter 7. 
Many problems had to be alleviated before the source would operate con- 
sistently in the accelerator, and Section 9.3.2 lists the various 
changes made to the source and accelerator during the development work. 
Sections 9.3.3 and 9.3.4 give results obtained for the colloid source 
alone, independent of any accelerating potentials present on the accel- 
erator. Section 9.3.5 is a summary and evaluation of the colloid 


source design and operation. 


9.3.2 Experimental Development of the Colloid Source 


This section discusses the developmental work that was required 
before the colloid source would operate in the 300 kV accelerator. The 
problems encountered and solved were related solely to the environment 
of the source (i.e. source geometry and vacuum pressures) while in the 


accelerator, since they occurred both with and without accelerating 
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potentials applied to the accelerator dome. 

Figure 59 shows the source installed in the source chamber of the 
accelerator, together with the dimensions of the accelerating elec- 
trodes. It should be noted that the origin of the axial position scale 
of the entire accelerator is defined to be the outermost tip of the 
high voltage electrode. This origin is chosen because the source and 
low voltage accelerating electrode can be independently moved relative 
to the high voltage electrode, while the high voltage electrode and 
detector positions are fixed in the accelerator. Thus the high voltage 
electrode provides a convenient fixed reference point for axial posi- 
tion measurements. 

Successful operation of the colloid source in the accelerator was 
achieved only after a series of modifications to the source and the 
accelerator. The problems encountered fell into three categories: 
vacuum problems associated with the accelerator itself, vacuum problems 
in the colloid source capillary tube tip region associated with the 
source design, and sparking problems between the source body and 
mounting supports. The latter two problems were closely related--a 
design change in source geometry to aid the vacuum problem often 
resulted in a worsening of the sparking problem, and vice versa. 

The information gathered during work with the accelerator pumping 
system is presented in Section 9.4. 

It was noted that, as the experimental program progressed, it be- 
came increasingly more difficult to achieve suitable, stable colloid 
source operation. This difficulty was attributed to a gradual contam- 
ination of the accelerator surfaces by glycerol. Accordingly, the 


design of the colloid source was gradually improved so that experiments 
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could be continued. The sequence of source design changes is now 
discussed. 

Initially, the collimator--extractor--insulating support piece 
assembly was contained completely within the high voltage electrode, 
and the source chamber extension was not used. This configuration is 
denoted as Geometry A, and the dimensions for it are given in Table 20. 
Modifications made to this source design to improve pumping in the 
source region and reduce high voltage sparking were: 

(a) four longitudinal slots were cut in the extractor piece, 

(b) pumping holes were cut in the insulating piece, 

(c) a new extractor and insulating piece were made. 

The new insulating piece incorporated a longer high voltage tracking 
path and larger pumping holes. 

After these steps had produced only temporary improvement in 
source behaviour, the source chamber extension was installed, the 
source was moved back from the high voltage electrode, and the space 
thus created was used for a new extractor--insulating piece structure. 
The dimensions for this case, denoted as Geometry B, are also given in 
Table 20. Figures illustrating the source at various places in the 
thesis all display Geometry B. The essential difference between Geo- 
metries A and B is the different position of the source relative to the 
remainder of the accelerator structure. 

At two separate times in this sequence of changes to the source, 
the source was installed and operated on the test bench. These two 
trials helped to clarify such problems as high voltage tracking across 
contaminated insulator surfaces. When these problems were alleviated, 


test bench operation of the source would consistently produce dc beams 
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Table 20: Dimensions for the Two Accelerator Geometries Used in the 
Experiments. 
Co err a ee Oe OB x Dee 


Item Geometry A Geometry B 
(m) (m) 

coe a ete tea se I A a eet, ak nn wl ee 
capillary tube tip -0.105+0.002 -0.17040.002 
axial position 
andl larverubenouter (2.03+0.03)x1077 (2.03#0.03)x107" 
radius 
collimator position -0.04540.002 -0.111+0.002 
collimator aperture (1.2740.01)x10~> (1.2740.01)x10-> 
radius 
capillary tip to 0.061+0.0005 0.0593+0.0005 
collimator distance 
high voltage electrode 0.0 0.0 
axial position 
low voltage electrode O512/20 002 0.127+0.002 
axial position 
target axial position 0.91+0.005 039120005 


for periods of 2 hours or more. In the accelerator, the source would 
produce a suitable beam for periods of 10 minutes to 1 hour, then the 
beam would degenerate into a pulse mode or current bursts. It was 
therefore concluded that the poor operation of the source in the accel- 
erator was associated with the geometry of the source while mounted in 


the accelerator, and that the source itself operated correctly. 


9.3.3 Experiments with the Electron 


Retarding Bias Ring in the Collimator 


Reference to the design details of the colloid source (Chapter 7) 
shows that the collimator design includes provision for a ring-shaped 
electrode mounted between the collimator and the extractor tube. This 


electrode, when biased negatively, was intended to prevent secondary 
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electrons created by the impact of the beam on the collimator from 
backstreaming into the capillary tip region of the source. 

In tests of the colloid source both in the accelerator and on the 
test bench, bias potentials of between 0 V and -360 V were applied to 
the ring electrode. It was found that the source behaviour was almost 
independent of the bias voltage--the only improvement in source behav- 
iour when bias was applied was a reduction in the number of minor beam 
instabilities. (Similar results were found for biasing the extractor 
itself in the test bench experiments described in Section 6.4.) It 


appears, therefore, that use of this electrode is optional. 


OF o.40) USe OL the Source, and Source Cleaning Procedures 


Several experiments were performed to test whether or not the col- 
loid source could be re-started after it had been used once and then 
left evacuated for some time. It was invariably found that the beams 
produced upon re-starting the source were very unstable and degenerated 
into current bursts accompanied by corona in the capillary tip region 
of the beam. As stated in Section 6.2.4, this beam condition could not 
be rectified and the source had to be shut off. Thus the source had to 
be removed from the vacuum system and cleaned between successive exper- 
iments. 

There are some hypotheses as to why the source failed to re-start 
successfully. These include: 

(a) glycerol previously deposited on the collimators may have caused 
the vacuum pressure in the capillary tip region to be unacceptably 
high for source start-up, 

(b) glycerol evaporated from the fluid in the capillary tube may have 


left a residue, which was probably crystalline NaI. This residue 
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may have distorted the capillary tip shape, or it may have changed 

the fluid charging mechanism at the capillary tube tip. 

The cleaning procedure for the source is as follows. The source 
is removed from the vacuum chamber and set on a stand on a laboratory 
bench. The collimators, extractor piece, insulating support piece, and 
capillary tube are removed from the front of the source, and cleaned in 
water and methanol. (Chapter 7 gives the mechanical details of the 
source.) The capillary tube tip is re-shaped, if necessary. For re- 
assembly, the piston in the source is pulled to the fully withdrawn 
position by means of the length extension piece at the end of the 
source body. The feed tube on the source body leading from the fluid 
reservoir is carefully cleaned. The latter step is essential so that, 
when the source is placed in vacuum, the air trapped in the top part of 
the fluid reservoir can be pumped out through the capillary tube with- 
out interference from glycerol bubbles. When the feed tube is clean, 
the capillary is replaced with teflon tape on the threaded joint between 
the capillary tube cap and the feed tube. Then the support piece, 
extractor, and collimator are reinstalled. The source is then replaced 
in the source chamber and evacuated as soon as possible. Usually the 


entire cleaning procedure can be accomplished in less than one-half hour. 


9.4 Experiments Concerning the Accelerator Vacuum System 


Initial attempts to adequately pump the accelerator using the 
original pumping system were unsuccessful. In this unsuccessful 
sequence, the entire accelerator was rough-pumped by a carbon vane 
mechanical pump and two large capacity zeolite sorption pumps cooled 


by liquid nitrogen. System pressures at this stage were typically 


sazvoa oat casted ot on at summon oft zo swbenosg gainnelo siT 
wrotmrednd Ne a a 
bas .soste s7oquwe gabsalvent, q8952¢ TOJ9RTIAO. estosamkifoa edt, -foaed 
nt begssin bie ,sotuds odd to dnoyt siz mot Bevewnz ass adua yssiliqss 
ada 20 alteteb Inotnndosm edd qeyig) 5 yesqaed)) .loandiem bas 1938 

asx yod | .vgasascen 22 beqedenar eh gia, edua, yselhtges eit (,e2708 
cwevbditiw ylkud edz of beblyg eb soxupe od2 at soretq of3 ,yidmezes 

offi to bee add te aagiq mokemesne dagast on3 to annem yd notsseog 

htwlt add mov? ghitbeel yo aamios avy fo situa beet efl .ybod sai2uo8 
_fed3 on Iniadeedo af ats ss3ge( off .bemasfo ylivietss at atovzsaet 
To Yxey gal peo at boadexd tks 42 .amiuev at beoele af syzuoe sif9 ey 
-(siv dua yselitgqes 23 dguaad? Jao baquuq od ma xlevisees brolt ‘sila 
.nagls gi adud bes o1i9 ‘aed .ealhdod foreovlg wort oonst9tx9308 due 
ssowied takol babeorhy adv ae ogat melted datw beoalqes at qralitqa sd3 
_asstq g1eqque addy nea .adyi best ots bas geo edud ysstitgae oda 
benafqax isdg ef savgoe adT Agiistaales ems toteeli{oo bas sovneisae 


edt views’ veldbeauy as nove ¢2 Saznuzave bas sedand2 somupe ody at 


-tuedt Liei-sqo asta aaal ot badebiqmesgs od nso etubescrg gatnsslo arkine 


ee | 


(USA iis 


orf gnats <ojeralessn sd? qnve elasaupsbs o3 bewony ohne 


: 


3) BS 10% torr or higher. A 100 &/sec ion pump took the system to about 
1b, eg 107° torr. Then the liquid nitrogen trap (which was in fact the 
cooling shroud for a 500 %/sec titanium sublimation pump) was cooled, 
and the titanium sublimation pump started. Problems encountered here 
were: 

(a) The ion pump overheated severely because it was inadequate to pump 
the entire accelerator over the range 10 LOrTELO Tas tory, 

(b) System pressures rose to an unacceptably high level of greater 
cave b ews) 04 ‘Moyes torr during colloid source operation. 

(c) When the liquid nitrogen trap was allowed to warm up, the increased 
gas load caused the ion pump to trip itself off. 

(d) The system consumed large amounts of liquid nitrogen, up to 150 2/ 
day. 

(e) There was no way to completely remove glycerol from the system, 
after it had been deposited on system surfaces during colloid 
source experiments. 

At this stage, the turbomolecular pump (Section 5.2) was installed on 

the accelerator. After some experimentation, the following pump down 

procedure was successfully used for the experimental trials of the col- 
loid source: 

(a) The system was rough-pumped to about 50 torr by the carbon vane 
mechanical pump. 

(b) The turbomolecular pump was started by either opening the gate 
valve while the pump was running, or opening the gate valve and 
then starting the pump. 


(c) The system was left to pump to 2 x 107° torr or lower, which took 


about 4 to 12 hours depending on the previous pumping history of 
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the system. 

(d) The trap was filled with liquid nitrogen. System pressure fell to 
Be bs 1077 torr or less in one-half hour or less. 

(e) During operation of the colloid source, system pressures were 
typically 3 x Tome COLT. 

(£) After the completion of the experiments, the trap was allowed to 
warm up. 

(g) In the period between experiments, the turbomolecular pump would 
collect glycerol vapour, and eject it from the system. Thus min- 
imal build-up of glycerol contamination in the system occurred 
after a series of experiments. 

The remainder of this section reports the observations made during 
operation of the colloid source in the accelerator. This information 
was gathered with the hope that it would provide insight into the prob- 
lems being encountered with the vacuum system. Also, the information 
is useful in future colloid beam accelerator designs. For all results, 
the source was installed, the turbomolecular pump was on, the liquid 
nitrogen trap was cold, and the system pressure prior to starting the 
experiments was less than 5 x tome torr. 

Usually no change in system pressure occurred when accelerating 
potentials up to 90 kV were applied to the accelerator dome, whether 
a colloid was being produced and accelerated (Pressure V3 x 10m torn). 
or not (pressure <5 x VOR) 3 Towards the end of the experimental pro- 
gram, one exception to this behaviour was noted. At dome potentials 
between 80 kV and 90 kV, short bursts of outgassing were observed to be 
correlated to small discharges on the high voltage electrode as 


observed on the high voltage power supply. The small discharges were 
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probably due to electrode surface contamination, and could probably 
have been eliminated by cleaning the electrode surfaces. 

The fact that there was no consistent change in system pressure 
as the colloid beam energy was increased means that vapour production 
from high speed droplets hitting solid surfaces is independent of 
accelerating voltage, between limits of 0 and 90 kV. 

In the major investigation concerning the vacuum system, a Vacuum 
Generators redees Micromass 1A residual gas analyzer was used to 
measure the relative partial pressures of the gasses in the vacuum 
system, both prior to and during colloid source operation. The mass 
spectrometer type analyzing head was mounted on the end flange of the 
vacuum manifold, replacing the viewing flange shown in Figure 46. In 
the present residual gas experiment, the absolute pressure measurements 
and mass number identifications were not experimentally calibrated in 
the laboratory. 

Figure 60 shows the residual gas spectrum of the accelerator 
vacuum system. Total pressure, as measured by the Varian ion gauge 
(Section 8.3), was 3 x ere torr, and the system had been pumped for 
about 24 hours following the last operation of the colloid source. 
Figure 60a & a plot of the partial pressure of various gasses as a 
function of mass number, over the mass range 12 to 60 amu. Figure 60b 
covers the mass range 48 to 240 amu, for the same conditions as Figure 
60a. The partial pressure spectra were obtained in the following 
fashion. An analogue output corresponding to the residual gas analyzer 
pressure reading was connected to a storage oscilloscope. An automatic 
mass scan sequence (12-60 amu or 48-240 amu) was started at the same 


instant as a slow, stored, single sweep on the oscilloscope. The time 
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(a) Mass Scan for Gas Components in the Range 12 amu to 60 amu. 
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(b) Mass Scan for Gas Components in the Range 48 amu to 240 amu. 


Residual Gas Analysis Results for the Accelerator 


Vacuum System Prior to Operation of the Colloid 


Figure 60: 
Vertical Scale 1 Pressure Unit/Division. 


Source. 
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taken for one mass scan on the analyzer was identical to one complete 
sweep on the oscilloscope, or 50 sec. After the trace stored on the 
oscilloscope had been photographed, the same scan of mass numbers was 
made by operating the analyzer manually. Thus the peaks in the residual 
gas spectrum were identified with mass numbers on the scan dial of the 
analyzer by manually picking out the partial pressure peaks. Masses 2, 
3, and 4 (i.e. hydrogen and helium isotopes) do not appear on the 
spectrum because on the Micromass analyzer they are measured discretely 
in a manual mode. The partial pressures of these mass numbers have not 
been reported because they were always negligible in comparison to the 
major residual gas components. 

In the spectra shown in Figure 60, some easily identified major 
gas components and mass numbers might be assigned as: H,0 us), CO and 
N, (28) , tae 0 )eeand co, (44). Vacuum Generators Ltd. technical 
informatica shows that masses 27 to 29, 41 to 43, and 55 to 57 can 
arise from hydrocarbon contamination. Masses larger than 60 can be 
attributed to hydrocarbon or organic vapours. Partial pressure peaks 
at mass 92 (glycerol) and 46 (doubly charged glycerol) do not appear. 

Figure 61 shows the results of a gas analysis performed while the 
colloid source was operating. System pressure measured 2 x 10°° torr 
on the Varian ion gauge, and the colloid source had been on for about 
one-half hour. The partial pressure spectra in Figure 6la and Figure 
61b are taken on a pressure scale six times less sensitive than those 
in Figure 60, over the same mass ranges. A comparison of Figure 61 
with Figure 60 shows that while the colloid source is operating, the 
majority of system gas is at mass 46. Components also appear at mass 
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relative 
partial 
pressure 


£2 20 30 40 50 60 
mass number (amu) 
(1 major division = 4.8 amu) 


(a) Mass Scan for Gas Components in the Range 12 amu to 60 amu. 


relative 
partial 
pressure 


48 80 120 160 200 240 
mass number (amu) 
(1 major division = 19.2 amu) 


(b) Mass Scan for Gas Components in the Range 48 amu to 240 amu. 


Figure 61: Residual Gas Analysis Results for the Accelerator 
Vacuum System During Colloid Source Operation. 
Vertical Scale 6 Pressure Units/Division. 
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The mass 46 peak is probably doubly ionized glycerol. The various 
other gases in the system are probably fractionated hydrocarbons or 
organic vapours (either glycerol, glycerol molecule fragments, cleaning 
solvents, or turbomolecular pump oil). The fractionated gases may 
exist throughout the system, or may be created in the ion source of the 
mass spectrometer itself. 

These results indicate that fractionated hydrocarbons or organic 
vapours are present both before and during colloid source operation. 
Also, gases such as H,, 0 


,» and CO, comprise a small fraction of 


9? 9» No 2 


the system pressure while the colloid source is operating - the major 
gas component is glycerol vapour. 

In view of these comments, it appears that the present pumping 
system of a turbomolecular pump and liquid nitrogen trap is a good 
design because the trap can pump large quantities of condensible hydro- 
carbon and organic gases, and the turbomolecular pump has the same 
pumping speed for all gases. Problems encountered in achieving 
adequate vacuum pressures in the accelerator are therefore related to 


lack of overall pumping speed and not to incorrect pumping methods. 


ONS: éThevProperties of the 300 kV Accelerator 


9.5.1 Introduction 

This section is concerned with measurements made to check the 300 
kV accelerator with regard to current leakage from the dome to labor- 
atory ground, corona from the dome surfaces, sparking across the accel- 
erator gap, and X-ray radiation produced. Information on these para- 
meters aided the analysis of problems encountered during operation of 


the colloid source. 
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9.5.2 Isolation of the Accelerator Dome 

The magnitude of the leakage currents and corona was found by 
first completing installation of the air lines, light link, and voltage 
adjustment mechanism between the dome and laboratory ground. Then, 
with the dome rolled away from the source, voltage from the 300 kV 
power supply was applied to the dome. At each voltage, the current 
drawn by the supply was noted. This current was then assumed to be the 
sum of leakage currents and corona currents. The power supply indicated 
leakages of about 60 UA at a dome potential of 75 kV. Therefore the 
effective isolation resistance of the dome is greater than 10° ohms. 
The laboratory air temperature was 27°C and the air had a relative 
humidity of about 45% during the tests. Some corona could be heard 


while the dome was at 75 kV, but none could be seen while viewing the 


dome in the darkened laboratory. 


9.5.3 Breakdown across the Accelerator Gap 


Breakdown between two electrodes having a potential difference 
between them can take two awe The first is sparking, which is 
characterized by the passage of large currents between the electrodes 
and a large decrease in the potential difference between the electrodes. 
Current and voltage waveforms are basically determined by the char- 
acteristics of the power supply connected across the interelectrode gap. 
The main phenomenon during sparking is that the interelectrode impedance 
becomes very low and stays low until the breakdown is interrupted by 


some external agent such as a power supply current limit. The second 
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breakdown mechanism is termed microdischarging. Microdischarges areusually 


characterized as short term (<10 msec) bursts of low current (<1 mA) 


which are self-extinguishing. The interelectrode potential decreases 


a 7 i. 
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only a few percent of its total value during a microdischarge. 
Microdischarges between the high voltage electrodes occur at volt- 
ages well below the sparking threshold. In fact, as a function of 
increasing interelectrode voltage, microdischarges appear first, a 
steady interelectrode current appears next (which is mainly electrons), 
and finally sparking commences’=, Some factors influencing the onset 
of microdischarges are: gap voltage and electrode surface field 
strength, system vacuum pressure, anode material, and electrode config- 
uration. In addition, the presence of microdischarges is strongly 
dependent on the presence and nature of electrode surface contamination. 
The accelerating potential at which sparking across the accelerator 
gap may occur has been estimated using Kilpatrick's Criterion for vacuum 
pparking sc. The criterion is an empirical relationship, based on 
experimental data for rf and dc fields, which defines a threshold at 
which sparking from an electrode surface is likely to occur. The basic 
parameters are W, the maximum energy available to ionized particles 
crossing the electrode gap expressed in electron volts, and E, the max- 
imum electric field on the cathode surface expressed in V/cm. For dc 
applied potentials, W is just the total applied potential, V. The 


criterion is expressed by 


2 A exp(-K,/E) , (9.1) 


2 


where K, = 1.7 x 10° V/cm and K, = 1.8 x 1024 vo ven Values of W and 


1 2 
E which satisfy equation 9.1 define the threshold of potential V at 
which sparking is likely to occur. Since the electrode geometry in the 


300 kV accelerator is quite regular, it has been assumed that the max- 


imum surface electric field on the electrodes is given by the average 
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gap field, or 
E = V/g 9 (9.2) 
where g is the gap width. Thus the criterion reduces to 
2 3 
Kg = V exp (-K, g/V) : (9.3) 


Solutions of this equation for three values of gap width are shown in 


Tables21 3 


Table 21: Sparking Threshold Potentials Across Various Accelerator Gap 
Widths, as Given by the Kilpatrick Criterion, Equation 9.3. 


gap width threshold potential 
(mm) (kV) 
20 207 
ifs 503 
27. a6 


Because it has been assumed that the peak field on the electrode 
surfaces is equal to the average gap field, the sparking threshold 
voltages in Table 21 are higher than will be observed in practice. If 
an arbitrary geometrical enhancement factor of two is used, it appears 
that operation at the full power supply potential of 300 kV is unlikely 
for an interelectrode gap of 25 mm, marginally possible at a gap of 75 
mm, and reasonable at a gap of 127 mm. Thus the 127 m gap has been 
used throughout the present experimental program. 

Some points related to the experimental conditions are given by 
Kilpatrick as: 

(a) No sparks were observed below the calculated threshold. 


(b) The threshold is independent of electrode material. 


’ aia 
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(c) "Conditioning" of the electrodes raises the sparking threshold. 

(d) The presence of contaminants such as oil on the electrode surfaces 
greatly increases the frequency of sparking once the threshold is 
reached. 

(e) "Vacuum" is defined to be the situation where the mean free path 
of the gas molecules is greater than the interelectrode spacing. 

mvetones agrees with Kilpatrick's conclusions listed above. 

In the present experiments, no sparks ever occurred for potentials 
up to 95 kV across the 127 mm gap, both with or without a colloid beam 
being produced by the colloid source. 

The collimator of the colloid source was designed so that the col- 
loid beam could never hit the accelerating electrodes. The reason for 
this is that the incident glycerol particles, scattered glycerol part- 
icles, and secondary electrons would greatly increase the probability 
of microdischarges and sparks if the beam were to intercept one of the 
accelerating electrodes. 

In the present experiments, initial tests of the colloid source 
were performed either with no acceleration voltages, or acceleration 
voltages of less than 50 kV. Thus by the time higher acceleration volt- 
ages were used, some contamination of electrode surfaces by glycerol 
had already occurred. Electrode contamination, which contributes to 
the presence of microdischarges, occurs in the period between experi- 
ments as glycerol deposited on the detector and collimator surfaces 
evaporates from these areas, then re-condenses on all the vacuum system 
surfaces. As a result, when experiments using potentials greater than 
80 kV were tried, microdischarges were observed. These microdischarges 


appeared as negative-going pulses of the order of 100 UV on the 
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electrical detector output. These pulses were as large as, or larger 
than, the de current level being recorded from the colloid beams. The 
microdischarge phenomenon appeared with colloid beams present or not, 
because of the previously given electrode contamination mechanisms. 
For potentials between 80 and 90 kV, the microdischarges were not seen 
on the 300 kV power supply current meter or on the Varian ion gauge 
monitoring the vacuum system pressure. With more than 90 kV potential 
on the dome, an additional form of discharge appeared--one giving a 
positive detected voltage of several millivolts on the electrical 
detector accompanied by momentary increases in vacuum pressure and 
power supply current. Operation with potentials greater than 95 kV was 
not attempted. 

The negative-going pulses were detected if and only if the detector 
surface segments were connected to the oscilloscope input by way of the 
switch box, and the electrical detector was positioned directly on the 
beam line axis. The positive-going pulses detected during larger micro- 
discharges were probably ions emitted from the high voltage electrode 


which were accelerated towards the electrical detector. 


9.5.4 Measurements of X-Ray Radiation 


Observations of X-ray radiation from the accelerator dome, accel- 
erator gap and target areas were carried out as both a safety precaution 
and an experimental observation. A Victoreen Model 440RF radiation 
meter was used. The meter response is specified to be within +15% of 
true value for X-ray and gamma ray radiation from 12 kev to 1.2 Mev. 

For all accelerating potentials up to 95 kV, observed radiation 
was always less than the measurement limit of the instrument, 0.05 mrad/ 


hr. The radiation was measured from an unobstructed viewpoint at a 
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distance of about 2 to 3 m from the accelerator dome and accelerating 
gap. Measurements of radiation from the target were taken with the 

meter window against the glass target chamber wall, which is about 80 
mm distant from the target itself. The radiation monitoring was done 
with no colloid beam present, and accelerator potentials up to 95 kV, 
and again with 40 nA of colloid beam being accelerated up to 90 kV. 

Since no radiation could be detected, the radiation level was less 

than 0.05 mrad/hr. The allowed X-ray dose rate for radiation workers 


is 5.8 mrad/hr over a 40 hr/week, 13 week penioduas 
9.6 Beam Detectors 


OO lent roduction 

This section discusses the design of, use of, and results obtained 
with the various types of beam detector used in the accelerator. 
Examples of results obtained using the segmented electrical detector in 
conjunction with photographs of glycerol deposited on a black detector 
surface are given in Figures 68, 69, and 70 in Section 9.8.3.2. Gen- 
erally speaking, the relatively low beam currents used in the accel- 
erator meant that the visually reacting detectors were less effective 
than in the test bench experiments, where higher beam currents were 


available. 


9.6.2 Electrical Detector 

The first electrical detector used on the accelerator consisted 
of four concentric rings of flat aluminum sheet mounted on a lucite 
backing plate. Detector construction details and electrical connec- 
tions were the same as for the methods evolved in the test bench work, 


which is described in Section 6.3.2. In later stages of the work, the 
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outer three rings of the four ring detector were subdivided into four 
quadrants, giving a total of thirteen segments on the detector surface. 


Figure 62 shows the dimensions of the detector surface. 


4.76 mm radius 33.3 mm radius 


14.3 mm radius 23.8 mm radius 


Figure 62: Dimensions of the Thirteen Segment Electrical Detector. 


While the beam current detection apparatus was electrically iden- 
tical to that described in Section 6.3.2, a summary of the detection 
method is given here. A segmented metal detector surface is placed in 
a grounded enclosure with a wire grid in front of it. The grid can be 
biased to help suppress secondary electrons created at the detector 
surface. The current intercepted by each of the detector segments is 
fed through a high vacuum feedthrough to a switch box, where the desired 
combination of signals can be selected for observation. The chosen 
currents flow through a resistor, which is 10 kohms in all these exper- 


iments, to ground. It should be noted that, in the test bench 
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experiments, the detector resistor had to be much less than 10 kohms so 
that the detector circuit did not filter out the higher frequency com- 
ponents of the current decay waveform. In the accelerator, the source 
to detector distance is longer, and the frequency spectrum of the cur- 
rent decay curve waveform is correspondingly lower. Thus a larger 
resistor can be used. A preamplifier and storage oscilloscope monitor 
the voltage across the resistor, thereby displaying the beam current 
waveform. 

The segmented electrical detector was used to measure beam spatial 
distributions and total beam currents. The only problem encountered 
was that, even if the total beam current was well above the threshold 
of current detection of 0.1 nA, the current on some of the individual 
segments was below the detection threshold. Thus the sum of currents 
on the segments was usually 5% to 10% (but never more than 20%) lower 
than the measured total current for the cases measured in the experi- 
mental program. 

The results for time of flight and particle source to detector 


transit time measurements are given in Section 9.7.5. 


9.6.3 Visually Reacting Beam Detectors 


Because visually reacting beam detectors had proved successful in 
the operation of colloid sources in the test bench, they were used in 
the accelerator experiments. The detectors tried were a phosphor 
screen which emitted green phosphorescent light where hit by the bean, 
a liquid crystal screen which changed colour when locally heated by the 
energy of the incident beam, and a black surface which showed where 


glycerol was deposited on it by the beam. 
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The phosphor screen, which had a 65 mm diameter active surface in 
order to be compatible with the detector mount (Section 8.6), was made 
in the same fashion as those described in Section 6.3.3. That is, a 
glass plate was coated with a chromium layer to help bleed away beam 
charge, then coated with phosphor powder on tep of the chromium. 

The behaviour of the phosphor detector was correlated to the accel- 
erating potential applied to the colloid beam. With less than 10 kV of 
accelerating potential on the accelerator dome, 40 nA of beam current 
spread over a spot 40 or 50 mm in diameter on the phosphor screen could 
be seen only as occasional flashes during beam instabilities giving 
short bursts of higher current. These flashes were useful as a visual 
monitor of beam shape when viewed in the darkened laboratory. Attempts 
to photograph the phosphor detector reaction showed that exposure times 
of greater than 3 min were required, hence detector photography was 
impractical. The camera had an f/2.5, 135 mm lens and used Kodak High 
Speed Ektachrome film (ASA 160) exposed and developed at an ASA rating 
of 600. For colloid beams of 30 to 40 nA accelerated through a poten- 
tial of greater than 50 kV, the phosphor detector gave better results 
because the beam had more energy due to the increased accelerating 
potential, and because the beam was better focussed by the accelerator 
gap. The beam spot appeared as a continuously but faintly lit area, 
but attempts to photograph the phosphor detector results for accelerated 
beams were still inconclusive. 

In summary, then, the phosphor screen detector could be used to 
view colloid beam distributions in the accelerator, but photography of 
the results was not feasible. 


The second type of visual detector used in the accelerator was the 
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commercially prepared liquid crystal screen. The detector method has 
been described in Section 6.3.4. The screen consisted of a clear 
plastic layer, a layer of liquid crystal material encapsulated in small 
spheres, and a layer of black paint. The detector was mounted with the 
black side against a 67 mm diameter wire grid and bombarded from that 
side. The grid helped bleed off the beam charge. 

In the test bench experiments, the colloid beams were sufficiently 
intense to cause local heating of the detector surface so that the beam 
distribution was indicated by visible colour changes in the liquid 
crystals. In the accelerator experiments, the beam was too diffuse to 
cause a visible reaction on the liquid crystal detector for all acceler- 
ating potentials less than 90 kV, with beam currents of 40 nA. Two 
types of detector having temperature sensitive ranges of 19°C to 25°C 
and 25°C to 31°C (nominal) were tried without success. Attempts to 
make the beam more visible by thermally biasing the liquid crystal 
material were unsuccessful because the heat sink effect of the detector 
mount surrounding the relatively small detector surface forced an un- 
even change in the background colour of the screen, and therefore the beam 
distribution was not reliably indicated. 

The liquid crystal screen detection method failed for the same 
reason the phosphor screen results were inconclusive--the beam intensity 
on the detector was too low. The low beam intensity on the detectors 
was a result of both the beam collimation and the long source to detec- 
tor distance. 

The liquid crystal screens did provide an alternate means for 
observing beam distributions, because the glycerol deposited by the beam 


was visible on the black surface of the screens. Results given in 
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Section 9.8.3.2 were obtained by exposing the black detector surface to 
the beam, then photographing the detector surface after the experiment 
had been completed and the detector had been removed from the vacuum 
system. Analysis of the results is given in Sections 9.8.3.3 to 
este Sie Fe 

A metal surface painted with flat black enamel was also tried as 
a detector for the glycerol deposited by the beam. While the results 
of one such experiment are given in Section 9.8.3.2, it was concluded 
that the liquid crystal screen surface gave better results than did the 
painted surface. For this reason the liquid crystal screens were used 


for subsequent experiments. 
9.7 Acceleration of Colloid Beams 


Oe wale troduction 

The results of this section show that colloid beams can be success- 
fully accelerated through potentials of up to 90 kV. Four topics are 
investigated: the amount of current available from the source, the 
effects of accelerating potentials on source operation, secondary 
particle production, and the transit times of particles between the 
source and detector. 

Experimental data for this section, some of which are presented in 
Section 9.7.2, consist of observations of beam currents and measure- 
ments of the source to detector transit time for various acceleration 
voltages. The transit time measurements were accomplished using the 


time of flight circuitry in the accelerator dome. 


- 
eats _ = ean BEB j 


es batt? offs aaw Lousne’ tondd del! dai beguteq ecstree Lave A” 
arivastt od slid smsed sda Q@iGedsaogeb Loryoyly edz rot sod29%86 6 


bubuisnss eo 21 ,S.€.8.0 nohiss® ak mavkg exe sosmbzeqxe dove soo ito | 


oid bib oats efiuast totved avag sonitue neeTse inaeys> bkopti od? ted? 
heey syow ensetoe Lksagx bkuphl ad? woweas elds zol .soativa) besataq 


votgaubostul 1.0.0! 


-sesoate ad mse wed blotién geds whld moksaeb thf? Yo eaiveet sdf oO 


era esigos tet VA OL 07 qu zo elsiynezog fpvowdls baseteleoos yin? 
of) ,soruor oda mor? sldelieve sasp1g9 Yo Snuoes of? sbosegtiesvak 
qiabnovsa ,ooliscaqu somuoe ao alskamedog gatszeelsosn 0°8199328 
of} nomwied solobiseq lo agate ttpaei? oft ban ,molsouboxq sfotsrsg 
sTel2e%eb bas S978 

ai bashaverg 290 dohdw 2 sagn \futdsee abd? 102 a30b istasntseqxd ~~ 
-sruened bas aseovtes esd lo enotiavasedo 30 jatamo> «5.1. 0083308 
nodterelssoa avatvav YO? sinta aieliger aepbe90b assets ods Ro s38en 
ad3 grbeu bedetiqnoscn otaw sinemeregsee sald ttanez3 oft a 
sa Socata eta a 


9.7.2 Presentation of Experimental Data 


Experimentally, the transit times of the particle beam were 
measured as a function of accelerating voltages by interrupting beam 
production in the source (using the capillary voltage switch) and 
observing the subsequent decay in beam current at the electrical 
detector. Figure 63 shows some photographs of the current decay curves 
during one such experiment, as stored on the storage oscilloscope. 

Each photograph consists of two superimposed traces. The first trace 
shows the constant de current level, while the second trace shows the 
current decay curve. Figure 63a was taken at the start of the experi- 
ment with zero accelerating voltage and a source voltage of 18.2 kV. 
Figures 63b and 63c were taken at accelerating voltages of 40 kV and 90 
kV, respectively. Figure 63d was taken at the end of the experiment, 
again with zero accelerating voltage. The normalized acceleration volt- 
ages given in Figure 63 are the ratio of actual acceleration voltage to 
source voltage. The curves in Figure 63 are samples from many such 
experiments performed. In each experiment, several accelerating volt- 
ages were used. Also, measurements at zero accelerating voltage were 
repeated periodically in order to monitor the beam current and nominal 


charge to mass ratio throughout each experiment. 


9.7.3 Currents Available from the Colloid Source 

It was found that dc beams established in the colloid source varied 
from 5 to 70 nA in detected beam current. Examination of the glycerol 
deposited inside the collimators showed that the range of output beam 
currents was a result of the beam being off-axis before striking the 
collimators. When the beam was too far off-axis or else showed an un- 


suitable beam shape, the hole in the collimators transmitted only a 
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(b) Normalized Accelerating Voltage 2.20. 


(c) Normalized Accelerating Voltage 4.95. 


(d). Normalized Accelerating Voltage 0.0. 


Figure 63: A Sequence of Transit Time Measurements on Accelerated 
Colloid Beams, as a Function of Normalized Accelerating 
Voltage. Vertical Scale is 5 nA/Major Division, and 
the Horizontal Scale is 200 usec/Major Division. 
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small fraction of the total current produced by the source. Comparison 
of the beam currents measured for the source with and without colli- 
mators showed that typically the collimators transmitted 1/4 to 1/10 of 
the total beam current. This problem in the spatial distribution of the 
total beam sometimes gave beam cross-sectional areas which appeared 
crescent shaped on the detectors. 

As explained in Section 9.3.2, the dc beams in the colloid source 
lasted for periods ranging from 10 min to 1 hr. During that time, the 
magnitude of the current arriving at the detector usually decreased, by 
sudden instabilities, by amounts up to 30% of the initial detected beam 
current. Possible reasons for the current decreases include both 
changes in the total beam current emitted at the capillary tube, and 
changes in the spatial distribution of the beam upstream of the colli- 
mator. The current decrease effect can be seen in the results shown in 
Figure 63a and Figure 63d. For the same experimental conditions, the 
beam currents are 7.5 nA and 6 nA, respectively, for two beam current 
measurements taken about 30 minutes apart. 

The application of accelerating potentials up to 75 kV had no cor- 
relation to the major instabilities seen in the beam currents. Above 
TIEKN:, nero rereice from the microdischarges at the accelerator elec- 
trodes became evident, as discussed in Section 9.5.3. 

One effect of the accelerating potential on the beam current was a 
decrease in detected beam current as accelerating potential was 
increased. The effect appeared to cause a reduction of the order of 2 
to 5 nA in detected beam current at peel erec ion potentials of 90 kV. 
This phenomenon is illustrated by the curves in Figure 63c and Figure 


63d. Figure 63d was recorded immediately after Figure 63c, and shows a 
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2.5 nA increase in beam current as the normalized acceleration poten- 
ial was returned from 4.75 to 0.0. The effect was reproducible and 
reversible. Attempts to correlate this effect to secondary electrons 
at the detector were unsuccessful (see Section 9.7.4). It is suggested 
that the decrease in beam current is caused by neutralization of beam 
charge in the accelerator gap region of the accelerator. Charge neu- 
tralization could be caused by electrons produced at the low voltage 
electrode surface being attracted to, and neutralized by, the positive 
charge in the beam. Analysis of the data showed that the magnitude of 


the effect was about the same for all cases. 


OST 4 Secondary Electrons 


Experience gained during experiments investigating secondary par- 
ticle production on the test bench (Section 6.4) showed that electrons 
are produced when the colloid beam strikes a metal surface such as the 
electrical detector. For this reason, additional secondary electron 
experiments were performed in the accelerator. Three different elec- 
trodes were used in the secondary particle experiments. 

It has already been shown (Section 9.3.4) that the electrode in- 
side the collimator of the source had little effect on the source and 
beam behaviour. In particular, the decrease in beam current at the 
detector as a function of increasing accelerating voltage was the same 
for either 0 or -360 V on this electrode. 

Figure 64 shows that in addition to the wire grid incorporated 
into the electrical detector, a ring-shaped electrode was placed in 
front of the detector assembly. 


Observations made during variations of the bias on the detector 


grid were: 
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Figure 64: Sketch of the Electrodes at the Detector Used for Secondary 
Particle Experiments. 


(a) With no colloid beam in the accelerator, a bias voltage of more 
than -300 V caused a negative current to appear on the detector. 
At a bias of -500 V, this current was of the order of 1 nA. This 
current was due to either electrons emitted from the grid wires, 
or a leakage path between the grid and detector circuits. 

(b) Application of biases greater than -50 V seemed to help beam 
stability as evidenced by fewer short term instabilities in 
detected beam current. 

(c) The dependence of detected beam current on accelerating potential 
was independent of grid bias between -50 V and -500 V. 
Observations made during variations of the bias voltage on the 


ring electrode in front of the detector were: 
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With no colloid beam present, and bias voltages up to -4 kV on the 
ring electrode, no currents were detected on the electrical 
detector. 

With a colloid beam present, and between -2 kV and -4 kV on the 
electrode, small (<1 nA) negative currents were detected on some 
segments of the electrical detector. It is postulated that these 
negative currents were caused by secondary electrons created by 
the impact of the beam on the grid in front of the detector being 
returned to the electrical detector surface by the electric field 
set up by the biased ring electrode. At no time was the observed 
negative current comparable to the magnitude of the beam current-- 
accelerating potential relationship described in the previous sec- 
tion. 

Bias voltages of up to -4 kV on the electrode had no effect on the 
pulses observed on the electrical detector during operation at 
accelerating potentials of greater than 75 kV. That is, the elec- 
trode bias had no effect on the presence of microdischarges across 
the electrode gap. 

The electrode bias had no effect on the colloid source instabil- 
ities. 

The electrode bias had no effect on the beam current--accelerating 
voltage effect. 

These secondary electron experiments can be summarized as: 
Secondary electrons created at the detectors apparently have little 
effect on the accelerator or colloid source operation. 

The decrease in detected beam current as a function of accelerating 


voltage could not be significantly influenced by detector grid or 
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ring electrode biases. 

(c) Secondary electrons are produced when the colloid beam strikes a 
surface, whether it is the detector surface or the bias grid. It 
appears, then, that the best detector configuration would consist 
of only the detector surface and a ring electrode in front of the 
surface, biased to prevent escape of secondary electrons produced 
at the detector surface. 

At the conclusion of these experiments, it was decided to operate 
the accelerator experiments with the detector grid held at -100 V and 
the ring electrode grounded. These conditions were used for the re- 


mainder of the experimental program. 


9./.5 Transit Time Experiments 


OREO EOGUCT LON 

Transit time is defined to be the time it takes a particle 
to travel from the capillary tube tip in the colloid source to the 
detector, with or without accelerating voltages present. 

The theory and experiments described in this section were 
designed to demonstrate whether or not the colloid beam was successfully 
accelerated by the electric fields in the electrode gap. It is also 
shown what information can be obtained by performing a time of flight 
type measurement while the beam is being accelerated. 

For the first case there are no potential gradients in the 
system except for the fields surrounding the capillary tube tip in the 
colloid source. A time of flight measurement is performed when the 
tetrode in the accelerator dome is triggered to pulse the source cap- 


illary voltage to zero, thus momentarily interrupting the colloid beam 
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production. For some time after the colloid beam is interrupted at the 
source, particles continue to arrive at the detector. The detected 
current then decays to zero. Section 3.3 has shown that calculations 
performed on the current decay curve yield information on the nominal 
charge to mass ratio of the beam, and the total mass flow rate in the 
beam. The transit time defined above is available from the time of 
flight current decay curve as the time between the instant the source 
is interrupted and the point on the decaying portion of the detected 
current curve at which the last particles of a given charge to mass 
ratio species arrive at the detector. 

The calculations performed in a time of flight measurement 
assume that the source to detector drift distance is a field-free 
region. Therefore, while the source can be interrupted and a current 
decay curve can be recorded with an accelerating potential present on 
the gap, and while transit times of particles can be measured, no time 
of flight measurement calculations can be performed. In other words, 
the measurement of transit time by interrupting the source voltage and 
observing the current decay curve is valid for any distribution of 
potential along the particle trajectory, but the transit time measure- 
ment can be called a time of flight measurement if and only if there 
is a uniform potential along the drift space between the source and 
detector. 

In Section 9.7.5.2 a theoretical value for transit time is 
derived from an assumed distribution of potential along the particle 
trajectory. Section 9.7.5.3 presents the experimental data, and a 


comparison between the calculated and measured values of transit time 


for various accelerating potentials. 
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9.7.5.2 Theory of Particle Transit Times 


A relationship between time t, axial position z, and 
radial position r of a particle traversing a potential distribution 


V(r,z) can be found by starting with an equation 


3) OR OOEA T Gige By (9.4) 


The right-hand side is the sum of the kinetic and potential energies 
of the particle. The particle motion and the potential distribution 
are assumed to be independent of the rotational coordinate 6. The 
left-hand side of equation 9.4 is zero because the reference for poten- 
tial V(r,z) has been chosen so that the total particle energy is zero. 
Particle mass and charge are denoted by m and q, respectively. The 
condition of zero total energy is easily satisfied by adjustment of all 
potentials in the system by a suitable additive constant potential 


which depends on the initial energy of the particle. Now, 
z 9 (9.5) 


where t = dr/dt, r' = dr/dz, and z = dz/dt. Therefore equation 9.4 


becomes 
4 Ae 
QO sasim(l+rbe)z eat eaev (rz )iee (9.6) 


Transposition of variables in equation 9.6 leaves 


-m(l+r' 
= ail 
dt 2qeV(x, pe) ya czas (9.7) 
which integrates to 
Z, 2 
-m(1+r' )\ 
= = pat See oe s 8 
oa Ie Vir5Z) se (9.8) 
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Thus if the particle trajectory were known (i.e. r as a function of 2z), 
the transit time (t - t)) taken by a particle to traverse the axial 
distance (z - Zz) could be found. Unfortunately knowledge of the tra- 
jectory requires a complete knowledge of the potential distribution 
V(r,z), which is not known. 

Equation 9.8 can be simplified by assuming that the particle 
is paraxial. This is justified by the fact that experimentally the beam 


is collimated to within 18 mrad of the axis. Then 


2 L 
w ~~ ba Aid De dad 
ne ae JAG: ue) as (9.9) 


is the transit time as a function of the axial potential distribution 
V(O,z). The axial potential distribution can be estimated, and an 
approximate transit time calculated using equation 9.9. 

In the accelerator the potential distribution along the 
axis is constant from the source to the gap region, then constant from 
the gap region to the detectors. Figure 65 shows the gap geometry and 
the linear potential distribution approximation across the gap. The 
accelerating potential is denoted as Vy and the origin of the z-axis 
is the outermost tip of the high voltage electrode. 7a is the axial 
potential distribution with respect to the low voltage electrode, which 
is held at laboratory ground potential. The fields associated with the 
linear potential approximation Ge are assumed to penetrate the 
bores of the two electrodes a distance equal to one-half the electrode 
inner radius. 

The next step is to relate the potential een which is 


the potential with respect to laboratory ground, to the potential vV(0,z) 
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required in the transit time equation 9.9. Figure 66 shows the part- 
icle source, accelerator dome, accelerator electrodes, and detectors. 
Also shown are the potentials, with respect to laboratory ground poten- 
tial, during normal accelerator operation. ie is the operating voltage 
of the source relative to dome ground. Now, a particle of fluid is at 
rest in the particle source at some instant just prior to being ejected 
from the capillary tube tip. Therefore, for the particle to have zero 
total energy, as required by equation 9.4, the potential of the source 


must be zero, and 
* 


Equation 9.9 gives the transit time of a particle of mass m 
and charge q. It would be convenient to remove this dependence, since 
the transit time measurement involves the entire beam with its range of 
charge and mass values. A transit time (t - toa is defined to be the 
transit time of the particle undergoing acceleration through Vv and 
(t - be is defined to be the transit time of the same particle with 
V._=0. By means of equations 9.9 and 9.10, the ratio of transit times 
defined by 


(Ct) 


R. = 
t (t tOR 


becomes 
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The ratio R, will be referred to as the normalized transit time. This 


equation can be further reduced to 
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Figure 65: Sketch of the Approximation to the Potential Distribution 
Across the Electrode Gap. 
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Figure 66: Schematic of the Accelerator, Showing the Potentials of the 
Components Relative to Laboratory Ground. Also Shown Is 
the Potential Function V(0,z) Required in Equation 9.9. 
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1 ibe dz 
Ree a (9.12) 
t z- 2) Jz) P(z)? 


where P(z) has been evaluated, from equation 9.10 and the potential 


x 
distribution V (0,z) shown in Figure 65, to be 


P(z) = 1.0 z < -9.53 mm 
= 1.0 + C(0.062 + 0.0065 z) -9.53 mm < z < 144.5 mm 
=1.0+C z > 144.5 mm (9.13) 
where 
Me 
C = wh ° (9,14) 
s 


Hereafter C will be referred to as the normalized accelerating voltage. 

Two important features of equation 9.12 are: 

(a) The result is independent of particle charge to mass ratio. Thus 
the shape of the current decay curve in a transit time measurement 
is subject only to a time scale contraction by a factor given by 
equation 9.12. This result in turn implies that the slopes of 
the decaying part of the defected current decay curves will become 
steeper as the normalized accelerating voltage is increased in a 
series of transit time measurements. 

(b) The integrand is dependent only on C, the normalized accelerating 
potential, and not on the absolute values of source and accelerator 
potential. 

In the following section, the results obtained by measuring 
the change in the time scale of the transit time curve for various 
accelerating potentials Ke are compared to the theoretical estimate of 


the time scale change given by equations 9.12, 9.13, and 9.14. 
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9.7.5.3 Experimental Investigation of Particle 
Transit Times 


The experimental results shown in Figure 63 are representa- 
tive of the results observed in several transit time experiments. 

Three observations made from the data are: 

(a) The durations of the transit time curves decrease as accelerating 
voltage is increased (c.f. Figures 63a, 63b, and 63c), 

(b) The durations of the transit time curves returned to their initial 
values as accelerating voltage was returned to zero (c.f. Figures 
63a and 63d). 

(c) The slopes of the current decay curves decrease as accelerating 
voltage is increased (c.f. Figures 63a, 63b, and 63c). 

The first two of these observations agree with the expected results of 

the experiment, as discussed in the preceding section. However, the 

change in slope of the curves ((c) above) is in a direction opposite to 
that predicted. This anomaly may possibly be correlated with the 
observed decrease in beam current as accelerating voltage was increased. 
Figure 67 shows a comparison between measured transit times 
and the theoretical curve calculated using equations 9.12 to 9.14 from 
the previous section. The experimental transit times were arbitrarily 
measured as the durations of the curves, in seconds, at the half- 
current points of the current decay curves. This procedure assumes 
that the half-current points refer to the same species of particle in 
each case. The transit time ratios were then found using the transit 
time found from the zero acceleration voltage case taken at the start 
of the experiment. Figure 67 shows the combined results of three 
experiments, for which the experimental conditions are given in Table 


22. The accelerator geometry A defined in Table 20 was used in all 
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curve fitted to 
experimental points 


ax No 
Oxy x = 
normalized 
transit 
time, R theoretical eae 2 


x trial l 


Ontutalec 
A trial 3 


0 1 2 3 4 5) 
normalized accelerating voltage, C 


Figure 67: Experimental Transit Times Compared to the Theoretical 
Curve. Transit Times are Normalized with Respect to 
Transit Time at Zero Acceleration. Acceleration Voltages 
are Normalized with Respect to the Source Voltage in 
Each Particular Trial. 
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three experiments. The nominal charge to mass ratio of the beam, and 
the mass flow rate, were calculated from the zero acceleration case, 
which is just a time of flight measurement. 

The error bars on the experimental points were found by 
considering the error in the data extraction from the photographs of 
the transit time decay curves. Figure 67 shows that: 

(a) The results taken in the three experiments are self consistent. 
(b) The theoretical curve and the curve through the experimental points 
differ by about 20% at a normalized accelerating potential of 5.0. 

The difference between the curves can be attributed to three 
effects. Firstly, there is the experimental uncertainty shown by the 
error bars in the figure. Secondly, there must be some error introduced 
by the assumptions leading to the calculation of the theoretical curve. 
However, this error should be small, since the shape of the assumed 
potential distribution across the accelerator gap affects the particle 
transit time for only a portion of the total transit time. Thirdly, the 
effect may be due to a physical phenomenon such as a change in the part- 
icle charge to mass ratio as the particle moves along the accelerator 
axis. 

At this point some comments can be made about the possible 
changes in the particle charge to mass ratio as the particle traverses 
the source to detector drift distance. These changes may be due to 
changes in particle mass, charge, or a combination of the two. Two 
basic facts must be noted--that the velocity of the particle is constant 
in field-free regions of the de,Yittory, “axa that the transit time 


measurement basically measures velocity. Some ramifications of this 


are: 
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Table 22: Parameters for Three Experiments on Transit Time Measure- 
ments, Corresponding to the Results Shown in Figure 67. 
Figure 67 Shows the Values of Normalized Accelerating Volt- 
age Used in Each Trial. 

Se re ee ee 


Trial Source Beam Nominal Charge Mass Flow Rate 
Voltage Me, Current to Mass Ratio -9 
(kV) (nA) (coul/kg) (10 ~ kg/sec) 
aN ae ee ee ee ee 
1852 Hips 2029 0.34 
Toe one ae ge) SoZ 
Ue 8.0 LS a7 0.43 


(a) If there is no accelerating voltage present, the transit time 
measured for a particle is that determined by the particle charge 
to mass ratio at the source. 

(b) If there is an accelerating voltage present, any change in particle 
charge to mass ratio which takes place between the source and the 
accelerating gap will influence the particle velocity, hence a 
change in charge to mass ratio between the source and the gap 
influences the transit time result. 

(c) Even if there is an accelerating voltage present, changes in part- 
icle charge to mass ratio which take place between the accelerating 
gap and the detector cannot be noticed in the transit time results 
because this region of the trajectory is always field-free. 

The calculations of transit time have assumed that the part- 
icle charge to mass ratio is constant. However, if the charge to mass 
ratio increases in the source to gap region, the particle velocity will 
be higher than expected after acceleration. This in turn means that 
the measured transit time ratio will be lower than that indicated by 
the theory. On the other hand, if the particle charge to mass ratio 


decreases, the particle is going slower than expected after acceleration, 


s.¢ 
£0 


egzteds sintinsy of? y¢ baptemateh aaa at ylaisxzsg # 703 bewesse 
,So%e02 say Ie oles aveat Piast 
eletytsq mt sgnais yan \daseaty spaatow gnkzatslejo8 ne et sxodd 21,_ @ 
ol? bos pats $03 deewded Bang coed dyiviv oksez eeee 0} sgzad2, 

a soaad ,~2looler piinainn ad? osaewlint iLiw gag galiersisoon 
goa ati be setuoe edo. queweed atten aeam 02 pgzada at ogneta. 


TT) 
nik? trenkz7 sd2 ,Insneng ege3ion, gotistelossa om et eied? 2F (a) 


ay ee 


"* N 
. 7 
a 


Stoase smd ttenazs efi esoneulial  - - 
-r1hq nt asgauds ,tasegty spetiey goitexalecse an al oxsd3 3 sya (5) ral 
antueselaospe sf2 esawied saelg dies doidw oltez aeam 03 sgrsda elas iui! at 
etiucor suka ateneds 903 nt best¥on ad todkas zoxs0seb.eds bas qag 4, 
.opalebist?, eewla al yrodostaz? edz io aoiges eld3 sevased - 
AE OLE AE AON ANG | pee . 


9 ieee <tihseanisabe, xaste badoagss, mat Bis ie 
d Despabtut 2ad3 anda rowel ad LLtw obser outs akemead boxupesat 
, » eRe a pclae iinet rane 


218 


and the transit time ratio is higher than that indicated by the theory. 
Figure 67 shows that the consistent difference between the 
theoretical transit time ratio curve and the curve drawn through the 
experimental points is such that the experimental transit time ratios 
are higher than those predicted by the theory. Therefore it appears as 
though the particle charge to mass ratio was decreasing in the region 
between the source and the accelerating gap. The decrease in charge to 
mass ratio in turn implies that even though both charge and mass loss 
may occur, charge loss is the dominant effect. In other words, mass 
loss due to glycerol evaporation from the particle is relatively less 
important than the charge loss. The conclusion that charge loss occurs 
is consistent with the fact that the detected beam current was seen to 


decrease somewhat as the accelerating voltage was increased. 


9.8 Spatial Distributions of Accelerated Colloid Beams 


9.8.1 Introduction 

The spatial distribution of the colloid beam hitting the detectors 
is of interest for four reasons. Firstly, the shape of the beam before 
being intercepted by the collimators can be partly deduced from the 
shape of the detected beam. Secondly, alignment of the source in the 
accelerator can be assessed. Thirdly, some properties of drifting and 
accelerated beams are illustrated. Finally, the properties of the 
accelerator itself can be investigated. Generally speaking, the first 
of these four reasons is less important than the last three, because 
useful experiments can be performed with a variety of beam shapes, 
provided that the current transmitted through the collimator is suf- 


ficient to be detected on the individual segments of the electrical beam 
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detector. 

Section 9.8.2 discusses the theoretically predicted focussing prop- 
erties of the accelerating gap, which is in fact a single gap acceler- 
ating lens. 

The presentation of data in Section 9.8.3 is intended to serve a 
dual purpose. The most important aspect is an assessment of the opera- 
tion of the colloid source in the accelerator in the particular fashion 
used in these experiments. The second aspect is the generalization of 


the results and techniques to accelerated colloid beams in general. 


9.8.2 Theoretical Discussion of Accelerator Focussing Properties 


It is well known that the passage of a beam of charged particles 
through a series of electrodes held at different potentials can be 
analyzed in a fashion very analogous to the passage of a light beam 
through a series of optical lenses. An accelerating gap acts as a 
focussing lens for the beam of charged particles, but the beam image 
can be either real or virtual. The discussion of the accelerator 
focussing properties which follows is based partly on a discussion by 
poeneenters cae 

The single accelerating gap in the microparticle accelerator is 
considered as the electrostatic lens in this discussion. The electrode 
geometry has been shown in Figure 59 of Section 9.3.2. A complete dis- 
cussion of the lens properties can be made only by using the potentials 
at each point in the interelectrode gap as a basis for calculating 
detailed particle trajectories across the gap. This procedure cannot 
be used here since the potential distribution is not available. However, 
an adequate qualitative discussion can be given, based on the general 


properties of electrostatic lenses. The properties of the accelerating 
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lens depend only on the ratio of the incoming and outgoing particle 
velocities. Thus in the present particular application, the lens prop- 
erties depend only on the normalized accelerating voltage (i.e. the 
ratio of accelerating voltage to source voltage). 

Two focal lengths are associated with the lens. These focal 
lengths are different because the particle velocity is different on the 
object and image sides of the lens. The shorter focal length lies on 
the incoming, or high potential, side of the lens. At higher normalized 
accelerating potentials, the lens displays stronger focussing properties, 
and the focal points lie closer to the center of the lens. 

The next part of the discussion assumes that the normalized accel- 
erating potential is fixed. For the source located outside the first 
focal point, the beam will be focussed at some image point on the other 
side of the lens. For the source located at the first focal point, the 
beam emerging from the lens will be cylindrical in shape. For the 
source located between the first focal point and the gap, the image is 
virtual, and the beam is divergent. However, because the axial particle 
velocity is increased and radial particle velocity is nearly constant 
during the acceleration, the beam is less divergent when accelerating 
voltages are present than when no acceleration takes place. 

For fixed accelerating potential and source position, various pos- 
itions of the detector will show various beam shapes as well, depending 
on whether the detector is at the image point (thus detecting an image 
of the source), the second focal point, (detecting a focussed beam spot), 
or at some arbitrary point (where beam diameter is dependent on 
detector position). 


It is seen, therefore, that source position, detector position, 
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and normalized accelerating potential together determine the shape of 
colloid beams as detected. In the present experiments, the source was 
located as close to the accelerating gap as possible, in order that the 
beam diameter be as small as possible where the beam enters the accel- 
erating fields. Two positions of the source (described as Geometry A 
and B) were used because of problems encountered in getting reliable 
source operation (Section 9.3.2). The detector position was fixed by 
the geometry of the complete accelerator structure, and was not changed 
throughout the experimental program. Likewise, the gap geometry was 
held fixed. Thus the variations in accelerating potential in any one 
experiment correspond to variations in the positions of the two lens 
focal points, with the source and detector positions being fixed. The 
results of the beam optics experiments are given in Section 9.8.3.4, 


and are sufficient to allow an assessment of the lens properties. 


9.8.3 Results of the Optics Experiments 


9.8.3.1 Presentation of Data 

This section displays and describes the data recorded during 
experiments performed to investigate the focussing properties of the 
accelerator. Figures 68 to 70 are results taken during three different 
experiments. In Figure 68, the detector was an aluminum plate painted 
with flat black enamel. Two beam spots are visible on the one plate, 
each centered around a bright spot in the photograph indicating the 
geometrical centers of the two detector positions. Two separate discs 
of liquid crystal screen material were used for the two separate measure- 
ments required in each of Figure 69 and Figure 70. In each experiment, 
the photograph of the glycerol deposited on the black surface detector 


is compared to the distribution of the beam on the electrical detector, 
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(a) Pattern of Glycerol Deposited (c) Pattern of Glycerol Deposited 
on the Painted Surface Detec- on the Painted Surface Detec- 
tor, Zero Acceleration Voltage. tor, Normalized Acceleration 

Voltage 2.28. 


(b) Currents Measured (in nA) (d) Currents Measured (in nA) 
on the Four Ring Electrical on the Four Ring Electrical 
Detector, Corresponding to Detector, Corresponding to 
the Glycerol Pattern in (a). the Glycerol Pattern in (c). 


Figure 68: Comparison of Painted Surface and Electrical Detector 
Results for Beams Undergoing Zero Acceleration ((a) 
and (b)) and Normalized Acceleration of 2.28 ((c) and 
(d)). Geometry A has been Used in the Accelerator. 
This Figure is Drawn 7/8 Full Size. 
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(a) Pattern of Glycerol Deposited (b) Currents Measured (in nA) on 
on the Liquid Crystal Detector, the Thirteen Segment Electri- 
Zero Acceleration Voltage. cal Detector, Corresponding 


to the Glycerol Pattern in (a). 


am 
S 


(c) Pattern of Glycerol Deposited (d) Currents Measured (in nA) on 
on the Liquid Crystal Detector, the Thirteen Segment Electri- 
Normalized Acceleration Voltage cal Detector, Corresponding 
L568. to the Glycerol Pattern in (c). 


Figure 69: 


Comparison of Black Surface and Segmented Electrical Detector 
Results for Beams Undergoing Zero Acceleration ((a) and (b)) 

and Normalized Acceleration of 1.58 ((c) and (d)). Geometry 

B has been Used in the Accelerator. The Figure is Drawn 

Full Scale. 
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(a) Pattern of Glycerol Deposited (b) Currents Measured (in nA) on 
on the Liquid Crystal Detector, the Thirteen Segment Electrical 
Zero Acceleration Voltage. Detector, Corresponding to the 


Glycerol Ratternsin Kal. 


(c) Pattern of Glycerol Deposited (d) Currents Measured (in nA) on 


on the Liquid Crystal Detector, the Thirteen Segment Electrical 
Normalized Acceleration Voltage Detector, Corresponding to 
Sy the Glycerol Pattern in (c). 


Figure 70: 


Comparison of Black Surface and Segmented Electrical 
Detector Results for Beams Undergoing Zero Acceleration 
((a) and (b)), and Normalized Acceleration of 4.57 ((c) 
and (d)). Geometry B has been Used for the Accelerator. 
The Figure is Drawn Full Scale. 
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for both no acceleration voltages and acceleration voltages present. 
The current distributions are displayed as the current incident on each 
segment of the detector. The electrical detectors and photographs have 
the same scale in each figure. Table 23 lists the technical details 
pertaining to Figures 68 to 70. Because the intensities of the beams 
varied depending on the acceleration voltages present, various times of 
glycerol deposition were required to get visible deposits on the black 
surface detectors. The times are also given in Table 23. 
In any one experiment, the procedures followed were: 
(a) measure the beam current distribution on the electrical detector, 
(b) insert the black surface detector for the measurement period, 
(c) remove the black surface detector and repeat the beam current 
measurement, 
(d) apply the accelerating voltage, 
(e) repeat steps (a) through (c), 
(f) remove the accelerating voltage and repeat the beam current 
measurement. 
An assessment of beam stability was made using the electrical detector 
results. All the data presented in this chapter are cases in which the 
beam intensity and current spatial distribution were reasonably con- 


sistent throughout the measurement period. 


9.8.3.2 Beam Shapes and Alignment 


An important point to notice from the results in Figures 68 
to 70 is that the pattern of deposited glycerol correlates very well 
with the pattern of current indicated on the segmented electrical 
detectors. Also, the thirteen segment electrical detector in Figures 


69 and 70 gives a reasonably good description of the asymmetric beam 
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Table 23: Experimental Details for the Results Displayed in Figures 
Odemo7uGnanas/0. 


rr 


Figure Accel. Total Source Accel. Normalized Time of Detection 


Number Geometry Beam Voltage Voltage Accel. and Detector Type 
Current Voltage 
(nA) (kV) (kV) (min) 
ee ee re ee ee ee ee ae ee ee ee 
68a A 33 ioe, 0 0 6 painted 
surface 
68b A 33. 17 35 0 0 ~ electrical 
68c A 33 ies 40 IRAE: 6 painted 
surface 
68d A 33 De Ape 40 2528 ~ electrical 
69a B 33 19.0 0 0 11 black 
surface 
69b B 33 19.0 0 0 - electrical 
69c B 33 19.0 30 JO 5 black 
surface 
69d B 33 19.0 30 1458 = electrical 
70a B 34 16.4 0 0 is black 
surface 
70b B 34 Ome 0 0 - electrical 
70c B 34 16.4 75 ete y 2 black 
surface 
70d B 34 16.4 TD 4557 ~ electrical 
distributions. 


In Figure 68, the beam cross section is crescent shaped. 
The crescent shape occurs because the beam from the source is not 


uniformly distributed over the aperture hole in the collimator. Fig- 


ure 69 shows a similar type of beam--it is crescent shaped and slightly 


off axis. Figure 70 shows a beam which is uniformly spread over a 


circular cross section but which is mis-aligned with respect to the 
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accelerator axis, which is defined by the geometrical center of the 
detector disc. 

These results show that the collimation of the central part 
of the colloid beam from the source does not always produce a uniformly 
distributed beam on the detectors. In addition, the fact that the 
collimator is transmitting a small fraction of the beam emitted by the 
source means that small instabilities in the beam distribution emitted 
from the source give relatively larger instabilities in both detected 
beam current and detected beam spatial distribution. This problem was 
observed several times during the experiments, and is fundamentally due 
to the fact that the beam emitted by the source is a group of jets 
clustered around the central axis, and is not homogeneously distributed 


over the beam cross-sectional area. 


9.8.3.3 Beam Radii with No Acceleration, 
and Space Charge Effects 


This section compares the observed radii of the beams 
incident on the detector with the beam radii expected from the geo- 
metrical dimensions of the accelerator. Also, expected radii which 
include space charge effects have been calculated using the space 
charge theory derived in Section 2.6. Table 24 gives the results of 
the comparison. The radii of the beams were determined by examining 
the shape of the deposited glycerol spots on the black surface detectors 
in Figures 68a, 69a, and 70a. 

In calculations of ideal or expected beam shapes based on 
the known geometry of the source and accelerator, it is assumed that 
the beam emerges from the capillary tube tip outer radius in a uniformly 


distributed cone. It is further assumed that, at the collimator axial 
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position, the beam cone radius is larger than the collimator 
aperture radius, so that the collimator aperture does in fact define 
the shape of the beam transmitted towards the detector. In the fol- 


lowing discussions, the term ' 


‘initial divergence angle" is the angle 

of the cone occupied by that portion of the uniformly distributed beam 
which is subsequently transmitted through the collimator aperture. The 
initial divergence angle is given at the capillary tube tip axial pos- 
ation, 

If there are no space charge forces present in the bean, 
the ideal beam shape is a cone defined by the radius and axial position 
of the collimator aperture, and the outer radius and axial position of 
the capillary tube tip. The radius of this cone where it intercepts 
the detector is defined as the "calculated radius--no space charge" in 
Table 24. Clearly the initial divergence angle is the angle of the 
beam cone. Figure 71 shows a sketch of the beam envelope in this case. 

In Section 2.6, an equation giving an estimate of the space 
charge effects in a colloid beam was derived. Equation 2.30 has been 
used in the present calculations. Now, the collimator aperture defines 
the size of the beam transmitted towards the detector. An initial 
divergence angle must be found for the beam such that the space charge 
forces expand the beam to a point where it just barely passes through 
the collimator aperture. Figure 71 shows the beam envelope and the 
initial divergence angle in this case. The radius of the beam envelope 
calculated from equation 2.30 is called the "calculated radius--space 
charge" in Table 24. Results are given for the two source positions 
defined as Geometry A and Geometry B in Table 20. It should be noted 


that the two cases for geometry B in Table 24 show different results 
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Table 24: Comparison of Measured and Calculated Beam Radii 


(No Acceleration) at the Detector Position. 
ee ee ae Ow Wd ne i ge 2 a a 


Calculated Calculated 
Beam Radius Beam Initial 
Divergence Angle 
Figure Accelerator Measured No Space Space No Space Space 
Number Geometry Beam Radius Charge Charge Charge Charge 
(mm) (mm) (mm) (mrad) (mrad) 
68a A LO.0e 2 1833 22.4 Lies 15529 
69a B sO PES2 LOS/ 2387 18.0 L295 
70a B WSO Ra A LO a, 20 18.0 15.69 


for the calculated radius and initial divergence angle using space 
charge because the experimental conditions differed in the two cases. 
It is clear that the measured beam radii are significantly 
higher than those calculated with no space charge. However, the incor- 
poration of space charge effects significantly increases the calculated 
beam radii. In two of three cases, the measured and calculated (with 
space charge) beam radii agree within experimental error. Any further 
discrepancies can be attributed to errors in the geometrical measure- 
ments, to scattering of the beam by the collimator aperture, or to an 
error in the assumption that the beam emerges from the capillary tube 
tip at the outer radius of the capillary tube. In addition, the space 


charge calculation is only a first approximation to the problen. 


9.8.3.4 Focussing Properties of the Accelerator 


As explained in the theoretical discussion of the acceler- 
ator focussing properties, the accelerator gap should act as a lens for 
the colloid particle beam. This effect was investigated experimentally 
by observing the beam radii on the detectors for various accelerator 


voltages and two source-—accelerator geometries. 
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Figure /2 presents the results of the measurements, together 
with lines joining the various experimental points for the two acceler- 
ator geometries (A and B in Table 20). The results are given as the 
ratio of beam radius with acceleration divided by the radius without 
acceleration. This ratio is plotted as a function of the normalized 
accelerating voltage. 

The focussing properties of the accelerator should depend 
only on the ratio between accelerator voltage and source voltage. In 
the results shown in Figure 72, accelerator voltages between 30 kV and 
90 kV were used, in conjunction with source voltages between 14.6 kV 
and 19.0 kV. The results for the various voltages are self consistent, 
as expected. 

Two methods of beam radius measurement were used. In the 
first, the beam spot sizes were measured directly from the photographs 
of deposited glycerol on the black detector surfaces. These three 
results are shown as solid points in Figure 72. In the second method, 
the beam current on each complete ring of the segmented electrical 
detector surface was plotted as a function of angle off-axis, after 
the beam currents had been normalized to a sum total of 1.0. Froma 
line drawn through the four points on the plot, an off-axis angle 
corresponding to the distribution width at half height was found. When 
the ratio of the two widths for accelerated and non-accelerated beams 
was taken, it was found that the ratio of beam sizes agreed with the 
ratio of beam sizes measured on the black surface detectors. This 
method for determining the ratio of beam sizes is arbitrary, but it 
appeared to give adequate results whether the beam spot was asymmetric, 


off-axis, or both. The data found using this method of analysis on the 
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normalized accelerating voltage, C 


Figure 72: Results Showing the Reduction of Beam Radius Ratio as a 
Function of Normalized Accelerating Voltage. The Beam 
Radius Ratio is the Beam Radius with Acceleration Divided 
by the Beam Radius Without Acceleration, While Normalized 
Accelerating Voltage is the Ratio of Accelerating Voltage 
to Source Voltage. 
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electrical detector results are plotted as open points on Figure 72. 
Data described in Section 9.8.3.2 are displayed, along with additional 
electrical detector data. 

Analysis of the results displayed in Figure 72 show that: 
(a) For all cases examined, the source of colloidal particles lies 

between the first focal point and the accelerating gap. Thus the 
lens is only partially focussing the beam. 
(b) The lens becomes stronger as the accelerating voltage is increased. 
(c) Geometry B displays stronger focussing than geometry A because in 
geometry B the source lies closer to the first focal point and 
further from the lens gap than does the source in geometry A. 

No theoretical analysis of the focussing properties of the 
lens is possible because the distribution of potential in the acceler- 
ator gap is not known. However, the results of Section 9.8.3.3 show 
that any such analysis of particle trajectories in the accelerator 
should include space charge calculations. 

It should be noted here that the discussion of the focussing 
properties of the accelerating gap has not depended on the nature of the 
colloid beam being accelerated. Thus the colloid beam has been used as 
a diagnostic tool to indicate the optical behaviour of the accelerator 
for the two special case geometries used in these experiments. 

Also, it should be noted that at a normalized accelerating 
potential of 5.0, the beam radius at the detector was about 15 mm, and 
the beam was close to the central axis. Thus these conditions are 
close to producing a beam having a shape suitable for injection into 
further accelerating structures. If somewhat higher accelerating 


potentials could be used, or if the source were moved further away from 
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the accelerating gap, stronger focussing would occur, and the resulting 
colloid beams would be even smaller in radius. This would make further 


acceleration of the beams more attractive. 


9.9 Summary 


This chapter has discussed topics in three main areas, which can 
be described as operation of the colloid source in the accelerator, 
operation of the accelerator itself, and acceleration of colloid beams 
in the accelerator. 

Successful operation of the colloid source was achieved after some 
development work improved the vacuum pressure in and the pumping speed 
of the extractor--collimator assembly in the colloid source, Beams of 
between 5 nA and 75 nA beam current, collimated to have an angular 
divergence of 17 mrad with respect to the central axis, were directed 
onto the detectors placed one meter from the source. The remote con- 
trol scheme for the source proved to be reliable. 

The accelerator itself performed at voltages up to 80 kV before 
microdischarges across the accelerating gap appeared. The accelerator 
in its present form needs a higher pumping speed for glycerol vapour, 
since the vacuum pressures encountered in the experiments performed in 
the present work seemed to cause source instability problems. 

Colloid beams were accelerated through voltages up to 90 kV. For 
these beams, it was seen that space charge forces are present and are 
significant for the source conditions used here. The accelerator gap 
was seen to exert a focussing effect on the colloid beam. There seemed 
to be a partial neutralization of charge in the accelerated beams which 


indicated electron currents in the source and accelerating gap regions 
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of the accelerator. However, source heating or X-ray radiation created 
by the back-streaming electrons was not observed. 

The upper limit to accelerating voltage, about 100 kV, was deter- 
mined by the appearance of microdischarges on the electrode surfaces 
forming the accelerating gap. Better methods of pumping the accelerator 
would improve electrode cleanliness and thus probably improve the micro- 


discharge threshold. 
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CHAPTER 10 


CONCLUSIONS 


The results contained in this thesis were obtained while investi- 
gating a variety of aspects of colloid source operation and colloid 
beam acceleration. Thus the conclusions to be drawn from these results 
may not be directly related to one another, but together they comprise 
a broadening of the knowledge of colloid sources and beams. The con- 
clusions drawn from the present results can be grouped into those con- 
cerning operation of the colloid source on the test bench, and those 
concerning operation of the colloid source in the accelerator. 

The investigation of the colloid source on the test bench commenced 
with a literature review of the fluids suitable for the production of 
colloid beams. The review showed that a great variety of fluids had 
been used in colloid sources, but the values quoted for fluid properties 
(specifically bulk resistivity) were inconsistent. Thus, once sodium 
iodide doped glycerol was chosen for the present work, a thorough in- 
vestigation of the dependence of fluid resistivity on measurement fre- 
quency, outgas procedure, temperature, and fluid doping level was made. 
The results showed that fluid resistivity could be consistently re- 
produced provided a certain fluid treatment and measurement procedure 
was followed. This procedure consisted of a five-hour outgas period 
while the fluid was held at 65°C, which was followed by a resistivity 
measurement using a vector impedance meter connected to a resistance 
cell. A measurement frequency of 1 kHz gave unambiguous results. 

Once colloid beams had been produced from the test bench source, 


it became clear that determination of the beam spatial distribution was 
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inadequate using conventional beam current measurement with a segmented 
electrical detector. Therefore three visibly reacting beam detectors 
were developed. The phosphor screen detector gave a nearly instantan- 
eous picture of the beam spatial distribution. The liquid crystal 
detector showed the average beam spatial distribution over time periods 
of perhaps ten seconds to one minute. Also black surfaces were used to 
observe the deposition of glycerol by the beam, and detection periods 
of two to ten minutes were used. Use of the phosphor or liquid crystal 
detection methods has not been previously reported in colloid beam 
research. 

Initially the colloid source was operated at values of fluid feed 
pressure and capillary voltage similar to those reported in the liter- 
ature. The results obtained showed that beams with suitable nominal 
charge to mass ratio (10 coul/kg to 500 coul/kg) could be produced. 
However, beam stability and reproducibility were unacceptable, and the 
beams usually showed off-axis, divergent spatial distributions. The 
results obtained in this "low voltage operating region" (feed pressure 
2 cm Hg to 20 cm Hg, capillary voltage 5 kV to 8 kV) generally agreed 
with the results shown in the literature. 

The most significant discovery made while operating the colloid 
source on the test bench was the existence of a "high voltage operating 
region" (feed pressure 2 cm Hg to 20 cm Hg, capillary voltage 14 kV to 
20 kV) in which the beams had a suitable nominal charge to mass ratio 
of between 10 coul/kg and 100 coul/kg, while simultaneously showing 
axially focussed spatial distributions. The discovery of axially 
focussed beams was crucial to the subsequent installation of a colloid 


source in the 300 kV microparticle accelerator, because of the 
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geometrical restraints on divergent beams passing through the acceler- 
ating electrodes. Operation of the colloid source in the high voltage 
operating region seemed to be more reliable than was the case in the 
low voltage operating region. An extensive investigation of the beam 
nominal charge to mass ratio and spatial distribution was made as the 
capillary tube size, fluid doping level, extractor shape, fluid feed 
pressure, and capillary operating voltage were varied in the high volt- 
age operating region. 

With the investigation of the test bench version of the colloid 
source completed, it appeared that operation of a colloid source in the 
300 kV microparticle accelerator was feasible. Accordingly, a colloid 
source suitable for operation in the accelerator was designed and built. 
The accelerator was rebuilt in order to make the experiments more 
practicable. The remote control system for operating the source was 
designed and built. Included in the design of the colloid source was a 
unique pressure converter to transform analogue control pressures just 
above one atmosphere in pressure to analogue control pressures just 
above zero absolute pressure. Operation of the source in the acceler- 
ator was plagued by problems such as high voltage sparking and tracking 
between the source components, poor pumping speed at the capillary tube 
tip, and poor vacuum in the accelerator itself. Improvements to source 
geometry to reduce sparking and improve the pumping speed, together 
with installation of a turbomolecular pump on the accelerator, allowed 
adequate colloid source operation. Residual gas analyses on the accel- 
erator vacuum system showed that glycerol vapour was the major gas in 


the system. 


Colloid beams of 5 nA to 70 nA, collimated to be within 17 mrad of 


e43 ct ones of) saw - 
swod of? Yo odtgeghieavel evieaeske mA .notgss antamrago’egssfeviwol oe 
oft ps shes ow qolsdtysehh Inbasge fib orev seer oF ogtaits Lankan + 


bast flul? ,sqete tedzeta¢e ,lowel gakqob bivl) este edad yxelliges 
-sfov dgid sii nt beteav stew ageviov galsersqe yreltiqas bos , sraiedry 
snoiges grtiateqs Sas 
bioties sd9 to nokewsy dinsé 4089 Sd9 Yo doltegiteovdt aay ati /* 
sit nt sovoce brofies & lo aolferaqe ted? baxesqye 32 ,betelquns Sox008 
Wiclloy © .glgnibiedsA valdtens? saw yosstafeoon glotsieyorsia Va 00€ a 
jf tud bas bsoriseb exw tasasaisasu of nt motseteqo Wd efdstive 897008 
oro eqeuebttukd sit ering of aebio mt aiinder why voistelacos “SA? 
cow scqvos ofa gnltevage 263 asieye forges otomat SUT ,éldsokssatg 
& few soauee bighfon of7 to mgkess fe ot tehwisal lilhed bam bengtesb 
tevt esrverosy forynes sugolann wrotenaiy G2 T431SvINOS START ‘supiav | 
tao} eoaxeast2 [oTInos suyslans oF cuveRoTg a) ossigqaomse sno ‘evods 
-tstsd0s ait af o»ayoe ald to WolsezegO .orwaneuq sdulouds ores evoda 
gftiss:3 bas setdveqs agatfoy Agid oa dove acetdorq qd hengelq baw yoIs 
aduj ¢salftgs> ad? 46 Besqd gebgmg tooq ,etasroques sstecs sf7 neewied 
syToce oF alteesvorye] .2fstth rode rslaons ad? @? muvoay toog baw jqly 
sadsegos pieeys Gninag wid seovgad bas gaitagmabeies yale © | 
Lowolle ,rovexeisans sit mo qmq seddsntonedind « to sobtaliaveal dsiv 
-fanoa ef go aveylans wag Inubieed .n0fie1sq cmos Brollies edadpebe 
al eg wbaw ed? anv wwogey forasytg tans Bewode madeqe miuowy Odea 
d ud we ee ie 7 


snr (| 


294 


the central axis, were directed onto the beam detectors. It was found 
that the segmented electrical detector and black surface detector gave 
good results for the beam spatial distributions, but the beam intensi- 
ties were too low to show useful spatial distribution results on the 
phosphor and liquid crystal detectors. Comparison of calculated and 
measured beam sizes for some of the colloid beams showed that space 
charge effects were significant for beam currents in the 30 nA to 40 nA 
range. 

The colloid beams were accelerated through potentials up to 90 kV. 
At potentials above 80 kV, microdischarges from the accelerator elec- 
trodes interfered with the colloid beam measurements. However, there 
was no evidence that operation of the colloid source in the accelerator 
dome depended in any way upon the potential applied to the dome. 
Measured values of particle transit time from the source to the detector 
were less than 20% higher than calculated transit times. This indicates 
that the particles were successfully accelerated. The discrepancy be- 
tween measured and calculated transit times, together with an observed 
slight decrease in beam current with increasing accelerating potential, 
indicates that the particle charge to mass ratio decreases somewhat in 
the drift space between the source and the accelerator gap. The effect 
is probably due to electrons, created in the accelerator as potential 
is applied across the accelerating gap, which neutralize some of the 
beam charge. 

The optical properties of the accelerator gap were measured by 
observing the size of the beam at the detector as a function of accel- 
erating voltage. It was clear that the gap exerted a focussing effect 


on the colloid beam. However, the colloid particle source was 
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positioned between the first focal point of the electrostatic lens and 
the lens (i.e. the accelerating gap) itself, and the resulting beams 
showed virtual images. Analysis of these results shows that the col- 
loid beams can be sufficiently focussed and that further stages of 
acceleration are feasible. 

Thus the results given in this thesis describe a series of exper- 
iments leading up to the final goal of showing that acceleration of 
colloid beams in a microparticle accelerator is possible. The results 
obtained in the earlier stages of the work add to the knowledge of 
colloid sources in general. The later stages of the work show that 
colloid beams can be successfully accelerated, that addition of more 
stages of acceleration is feasible, and that the colloid source can be 
used as a diagnostic tool in the experimental investigation of micro- 


particle accelerator properties. 
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APPENDIX A 
THE DISTRIBUTION OF CHARGE, MASS, AND CHARGE 


TO MASS RATIO AMONG PARTICLES IN THE COLLOID BEAM 


Section 3.2 has shown that certain average values of parameters 
related to a colloid beam can be found from a time of flight measure- 
ment. This appendix shows that more detailed information cannot be 
found from the measurement data. 

The distribution of current i(t) (defined by equation 3.2) is 
equivalent to knowing the distribution of beam current over velocity or 
charge to mass ratio. For particles having a given charge to mass 
ratio, there is no information as to whether the current contributed by 
these particles is generated by a few particles with large charge and 
large mass or many particles with small charge and small mass. Now, 
the existence of a fundamental distribution function f(q,m), defined by 


seuya) - number of particles ete charge gq, mass m (A1.1) 


unit q, unit m, unit beam length 


is assumed. The following is a derivation, in terms of the distribution 
f(q,m), of a function which describes the current decay curve actually 
measured in the time of flight method. Examination of the derived func- 
tion provides useful insight into the limits of the time of flight 
measurement technique. 

Figure 73 illustrates what the graph of the distribution function 
might look like. The Rayleigh Criterion for droplet stability has been 
sketched in the figure, also. 


Since the time of flight measurement contains the variables current 
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(which is related to charge q) and elapsed time (which is related to 
velocity), it is convenient to introduce a second general distribution 


function defined by 


g(q,u) = number of particles at charge q and velocity vu 


unit q, unit u, unit beam length »  (Al.2) 
Now, the charge q, mass m, and velocity u are related by the 
equation 
demu” ra Vans 
were V is the colloid source operating voltage. Thus 
ee ae . (Al. 3) 
u 


Since equation Al.3 holds, the function g(q,u) can be related to the 
function f(q,m) by equating equal numbers of particles in a unit beam 


length, namely 


g(q,u)dqdu = f(q,m)dqdm , 
or 
d 
g(q,u) = £(q,m) ao (A1.4) 


The dependence of m on q and u (equation Al.3) can be incorporated 


into equation Al.4 by using an integral over mass, and a delta function. 


Thus equation Al.4 becomes 


Vv 


» fit dm 5¢_ - 24¥. 
g(q,u) =f £(q,m) G o(m me dm , 


or 


PAG EN full jf f(q,m) S(m - aL) dm . (A1.5) 
u u 
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Once the function g(q,u) has been established, the total charge Q- 


due to particles with velocity u, per unit u per unit beam length is 


Loe) 
Q(u) aff q g(q,u) dq. (Al.6) 
The current due to these same particles is 


j (2) ae 2.0 Ci) ae (Al.7) 
and the current due to all particles having velocity u or slower is 
u 
J(u) -{f ULOCi)e dius, (A1.8) 


In terms of the fundamental distribution function f(q,m) this equation 


is (by substituting equations Al.6 and Al.5 in equation A1.8) 


u 0 ©0 2 
2qaV 
J(u) = av ff a self car 6(m - “2 £<(q.m) (A1.9) 


From the discussion in Section 3.2, it can be seen that the current 
decay curve I(t) measured in a time of flight measurement is the current 


contributed by all particle species having velocity u or lower, where 


e 
Ml 
lo 


and D is the source to detector drift distance. Thus 


TC) 2d (uu) eewil toed =_D) te, 


The theoretical expression for I(t) is, from equation Al.9, 
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D/t oo co 2 2aV | 
I(t) = -av f au | doen, ey é(m ie f£(q,m). (Al.10) 


Equation Al.10 is the result relating the measured current decay 
curve I(t) to the theoretically based fundamental distribution function 
f(q,m). Inspection of the equation shows that knowledge of I(t) does 
not yield any information about the fundamental distribution function 
f£(q,m) because of the presence of the double definite integral in the 
right-hand side of the equation Al.10. Therefore the time of flight 
method can yield information only on the average values of beam para- 


meters. 
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APPENDIX B 


ASSEMBLY PROCEDURE FOR THE COLLOID SOURCE 


Section 7.2.2 has discussed the mechanical design of the colloid 
source used in the 300 kV microparticle accelerator. This appendix 
discusses the assembly procedure for this source. Part numbers on 
components mentioned in this discussion refer to those in Figures 40, 
41, and 42, and Table 19. 

The assembly procedure for the source was treated in three separate 
sections. First the body of the source (#7 to #29) was assembled. Then 
the body of the source was attached to the previously assembled end 
flange (#30 to #38). The capillary, extractor, and collimators (#1 to 
#6) were installed last. 

For the body of the source, assembly started with the end plate 
and the eight long clamp rods (#8). The block (#9) was fitted onto the 
rods. The diaphragms and piston heads (#10, #11, #28 and #29) were 
placed in the support flange (#12) and this subassembly was placed 
against the block (#9) previously installed. The two piston assemblies 
(#13 and #27) were placed on the diaphragms without tightening them 
into final position. Block (#15) was installed next, with the two piston 
shafts sliding through the ball bushings in the block. Piston assembly 
(#17) was placed on the pair of piston rods and tightened firmly, and 
then the two other piston assemblies were tightened into position. 
Finally the end plate (#16) was installed. 

Care had to be taken that the piston and diaphragms were not moved 
when there was no pressure differential across the diaphragms, or else 


the diaphragms tended to wrinkle and jam. Also, care had to be taken 
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to install the fabric side of the diaphragms against the piston heads, 
and the smooth sides faced against the high pressure chamber (Chamber B 
in all cases here). 

At this stage the source was placed on end with the end plate (#16) 
upwards, and the four outermost clamp rods tightened. Chamber B was 
then filled with glycerol through the hole in the end plate (#16). Since 
this glycerol serves to keep air from the diaphragm surfaces, it need 
not be outgassed or doped with sodium iodide (see Section 7.3.1). 

When chamber B had been filled, the last diaphragm (#18) and its 
piston (#19) were placed in the block (#21), and the three pieces fitted 
against the end plate (#16) and piston assembly (#17) already in place. 
The center part of the length adjustment piece (#22) was screwed into 
position to hold the diaphragm in place. The third ball bushing (#20) 
in the plate (#24) was screwed into position, then the length adjust- 
ment piece screwed into it. The final steps involved tightening the 
last four support rods, installing the piston stop (#23), and selecting 
the desired piston travel range by adjustment of part (#22). 

Normally the source chamber end flange that contained the various 
feedthroughs and the source support did not have to be dismounted when 
the source was removed from it. Assembly of the end flange (#30 to #37) 
was straightforward, using the photographs in Figures 42 and 43 for 
reference. The support bracket (#35) has a step in one end of it--the 
step had to be mounted facing the high voltage feedthrough (#36). 

The source body was connected to the end flange by first screwing 
the lucite support pieces (#37 and #38) to the side of the source body. 
The source was then placed on the support bracket of the end flange 


assembly. The two Swagelok fittings to Chambers A and B (#33 and #34) 
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were tightened. Next the lucite pieces were attached to the support 
bracket with nylon screws. Finally, the high voltage lead was attached 
to the source body using one of the screws on the piston stop (#23). 

The final stages of assembly of the colloid source involved the 
capillary tube, and extractor. The electron bias ring (#4) was fastened 
to the extractor, and the two collimators were installed. The colli- 
mators were rotated so that the pumping holes in them were at right 
angles to each other. The capillary tube, soldered into the support 
cap (#5) was screwed onto the source body (at #8) using teflon tape as 
a joint sealer. Then the lucite insulating support piece (#6) was 
screwed into position. Finally the extractor (#3 plus #1, #2, and #4) 
was installed. 

Dismantling the source was most easily accomplished by exactly 


reversing the order of the steps recommended for source assembly. 
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